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ABSTRACT 
The study aimed to understand the neuronal regulation of male sexual and 
agonistic behavior in broiler breeders. First, brain structures associated with sexual and 
agonistic behavior were identified by mapping Fos expression. The ventromedial 
subnucleus of medial portion of bed nucleus of the stria teriminalis (BSTM2) was 
specifically activated by male courtship behavior. The medial preoptic nucleus (POM) 
and lateral septum (SL) were associated with both sexual and agonistic behaviors. The 
bed nucleus of the pallial commissure (NCPa) and the paraventricular nucleus (PVN) 
were closely related to stress. Second, Fos-ir neurons were phenotyped by double 
labeling Fos with aromatase (ARO) and arginine vasotocin (AVT). Male courtship 
behavior significantly increased co-expressions of ARO+Fos and AVT+Fos in the 
BSTM2. In the POM, inter-male interactions decreased visible ARO cell counts while the 
opposite-sex interaction increased co-expression of ARO+Fos. The caudo-lateral POM 
(clPOM) and caudo-medial POM (cmPOM) were involved in sexual and agonistic 
behavior, respectively. Immunostaining for AVT, galanin, serotonin and gonadotropin-
releasing hormone (GnRH) were compared between aggressive and non-aggressive males 
to test their behavior functions. Galanin fiber density in the SL was higher in aggressive 
males than non-aggressive males and galanin-ir cell counts in the BSTM were negatively 
associated with aggressive behaviors. Density of vasotocinergic fibers in the SL 
correlated with sexual behavior. Finally, gene expression of estrogen-producing enzyme 
aromatase, AVT, corticortropin-releasing hormone (CRH) and their receptors were 
  
investigated in males of two chicken lines that differed in their sociality. Social line had 
higher P450 expression in the rPOM and clPOM, more ESR1 expression in clPOM and 
more ESR2 in the NCPa. Higher expression of AVPR1A/VT4R in the rPOM, clPOM, 
BSTM1, BSTM2 and SL1 were found in the social line than in the asocial line. In the 
cmPOM, higher expression of CRHR1 was found in the social line and interaction with 
females only reduced the expression in this line of chickens. Highly level of CRH gene 
expression was revealed in the NCPa, which strongely supported its role in stress 
responses. In conclusion, the differential expression of neuromodulators (estrogen, AVT) 
and their receptors in the brain may contribute to variation in sociosexuality in male 
broilers. 
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INTRODUCTION 
Broilers are a line of chickens selected for growth rate, feed conversion and meat 
yield.  A natural mating system is used for broiler breeding since it remains cost effective 
and efficient enough compared to artificial insemination. Recently, low fertility of some 
broiler flocks has stimulated research to examine the possible reasons of this reproductive 
decline (Barbato, 1999;Pollock, 1999;Millman and Duncan, 2000). Some factors 
identified included physical fitness of males (Millman and Duncan, 2000;McGary et al., 
2002;McGary et al., 2003a;McGary et al., 2003b), pecking order formation (Millman et 
al., 2000) and practical management, such as restricted feeding (Millman et al., 
2000;Millman and Duncan, 2000), stocking density (De, I et al., 2009). To date a study 
examining the neuroendocrine regulation of abnormal aggression in male broilers was not 
found in the published literature. 
Aggressive and sexual behaviors normally are distinct in drives, displays and 
outcomes. Aggression is driven by competition for food and mating opportunities, 
territorial defense and frustration, and the ultimate outcomes are physical injuries (Hinde, 
1953a;Moyer, 1971;Nelson and Trainor, 2007;Soma et al., 2008). Sexual behavior is 
driven by sexual motivation and ends with copulation and reproduction of new 
generations (Hinde, 1953a). Male sexual behavior can be separated into appetitive and 
consummatory periods. The appetitive stage occurs when an animal is motivated by a 
perceived presence of a conspecific of the opposite sex while the consummatory stage is 
identified by actual sexual contacts (Hinde, 1953b). The motivational stage is more 
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variable than the stereotypic consummatory phase (Hinde, 1953b). In most animals, 
aggressive and sexual behavior are different. In the chicken, however, appetitive behavior 
associated with sexual interactions shares common social display with aggressive 
behaviors, namely waltzing, approaching, and wingflapping (Wood-Gush, 1954;Wood-
Gush, 1956;Wood-Gush, 1957). It remains unknown how the same behavioral display is 
initiated by different social drives and leads to a fight or copulation by a particular male. 
It is possible that broiler breeders may have social recoginition problem, which results in 
the appropriate aggressive displays during interactions with a group of females. 
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Chaper 1 
Brain Neural Pathway Regulating Male Social Behavior 
1.1 Social brain network 
Extensive studies have shown that some brain regions are involved in the 
regulation of multiple social behaviors, such as aggression, sexual behavior, pair 
bonding, parental behavior and social stress. Among them, six steroid sensitive nuclei, 
including the extended medial amygdala, the lateral septum (SL), the preoptic area 
(POA), the anterior hypothalamus (AH), the ventromedial hypothalamus (VMH), and the 
periaqueductal gray (PAG), have been found to be bidirectionally connected (Risold and 
Swanson, 1997;Coolen and Wood, 1998;Coolen et al., 1998;Dong and Swanson, 
2004a;Dong and Swanson, 2004b) and are especially important for social behaviors 
(Coolen et al., 1996;Bamshad and Albers, 1996;Delville et al., 2000;Cushing et al., 
2003). Newman first proposed that those six nuclei form a social brain network 
regulating social behavior (Newman, 1999). 
Utilizing a neuronal activation marker, e.g. c-fos or erg-1, the activation of a 
social brain network was examined (Kollack-Walker and Newman, 1995;Veening et al., 
2005). In response to different social stimuli, the network shows distinct activation 
patterns (Kollack-Walker and Newman, 1995;Newman, 1999;Veening et al., 2005). Male 
aggression activates the extended amygdala, SL, VMH, AH and midbrain but not the 
POM. In contrast, with the exception of the AH, all social behavior nuclei were activated 
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by male sexual behavior. The magnitudes of the activation in the SL and VMH differed 
between male sexual and aggressive interactions (Fig 1). 
 
Fig 1 Topographic images showing distinct activation patterns of the social 
behavior network following male sexual behavior and male aggression (modified from 
Newman, 1999). AH, the anterior hypothalamus; POM, the medial preoptic nucleus; SL, 
the lateral septum; VMH, the ventromedial hypothalamus. 
Based upon the available studies in birds, reptiles, amphibians and fish, a similar 
social brain network may also be present in non-mammalian species and is conserved 
among all vertebrate species (Goodson, 2005). It consists of nuclei which are homologs 
of those found in the mammalian social brain network. In avian species, the network 
includes the avian medial extended amygdala (the nucleus taeniae of the amygdala and 
bed nucleus of the stria terminalis), the POM, the AH, the SL, the VMH and the PAG in 
the midbrain (Goodson, 2005). Those nuclei substantially exhibit many similarities with 
their respective mammalian homologs, such as their connectivity, histochemistry and sex 
steroid receptor distributions (Balthazart et al., 1994;Briganti et al., 1996;Balthazart et al., 
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1996a;Panzica et al., 1996b;Cheng et al., 1999;Atoji and Wild, 2004;Montagnese et al., 
2004). Detailed studies in Japanese quail confirmed that birds and mammals have similar 
patterns of immediate early gene (IEG) induction following male sexual behavior 
(Meddle et al., 1997;Tlemcani et al., 2000;Taziaux et al., 2006). In songbirds, activation 
of some nuclei in the same network were recorded after agonistic encounters (Goodson 
and Evans, 2004;Goodson et al., 2005b).  
1.2 Characteristics of each nucleus in the avian social brain network 
1.2.1 The medial extended amygdala  
1.2.1.1 Nucleus taeniae of amygdala (TnA) 
Nucleus taeniae of amygdala (TnA) in birds has been suggested to be homologous 
to the medial nucleus of the amygdala in mammals, based on their similarity in olfactory 
input (Reiner and Karten, 1985), hippocampal and hypothalamic output (Bingman et al., 
1994;Cheng et al., 1999), enrichment in androgen and estrogen receptors (Thompson et 
al., 1998;Cheng et al., 1999;Absil et al., 2002a) and expression of developmental markers 
(Yamamoto et al., 2005; Abellán and Medina, 2009).  
Testosterone and its metabolites bind to the TnA (Watson and Adkins-Regan, 
1989a), and androgens receptor (AR) and two subtypes of estrogen receptors (ER) are 
present there (Balthazart et al., 1989b;Balthazart et al., 1992a;Ball et al., 1999). TnA 
lesions inhibit emotional response and reduce social facilitation of feeding behavior in the 
male starling (Cheng et al., 1999) and alter male sexual behavior in Japanese quail, 
(Thompson et al., 1998;Absil et al., 2002a). Activation of the TnA, however, was not 
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observed in several behavioral studies indicated by unchanged Fos expression (Meddle et 
al., 1997;Tlemcani et al., 2000;Taziaux et al., 2006). Well known in mammals, 
vomeronasal inputs are important for social behaviors. In avian species, a controversial 
question remains regarding whether or not smell is essential for social behaviors (Taziaux 
et al., 2008b;Balthazart and Taziaux, 2009) and consequently the function of TnA in 
avian social behaviors. 
1.2.1.2 Medial portion of bed nucleus of the stria terminalis (BSTM) 
The avian BSTM can be clearly delineated by parvocellular arginine vasotocin 
(AVT) neurons as well as vasopressin expression in the mammalian BSTM. In the 
chicken, the BSTM consists of two groups of cells, designated BSTM1 and BSTM2. The 
BSTM1 is located ventral to the lateral ventricle and curves ventromedially just dorsal 
and medial to the occipitomesencephalic tract (OM). The BSTM2 is ventromedial to the 
BSTM1 and located in the dorsomedial hypothalamus near the third ventricle (Jurkevich 
et al., 1996;1997;Aste et al., 1998). Tracing studies completed in avian species, have 
suggested that the BSTM connects with the TnA (Cheng et al., 1999), the nucleus tractus 
solitarius (Berk, 1987;Arends et al., 1988;Atoji and Wild, 2004), the POM (Balthazart et 
al., 1994;Absil et al., 2002b), the SL (Montagnese et al., 2004) and some pallial regions 
(Veenman et al., 1995). 
The expression of AVT in the BSTM is sexually dimorphic in adult chickens and 
quail (Jurkevich et al., 1996;Jurkevich et al., 1997;Aste et al., 1998). Adult cockerels 
have abundant AVT-ir neurons and processes in the BSTM, while in hens BSTM is 
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devoid of AVT immunoreactivity (Jurkevich et al., 1997). No sex differences are found 
in embryos as well as in chicks at day-of-hatch through until approximately 7 days 
posthatching when AVT neurons in females begin to significantly decline in number 
(Jurkevich et al., 1999;Jurkevich et al., 2001). Parvocellular AVT neurons in the BSTM 
are sensitive to testosterone. Castration decreases the number of AVT neurons in the 
BSTM and fiber expression in the SL and an implant of testosterone can restore AVT 
expression (Voorhuis et al., 1988;Panzica et al., 1999;Kimura et al., 1999;Viglietti-
Panzica et al., 2001;Plumari et al., 2004). In the BSTM, abundant estrogen-producing 
neurons and steroid receptors are found (Foidart et al., 1994;Aste et al., 1998;Ball et al., 
1999;Griffin et al., 2001;Balthazart et al., 2003;Saldanha and Coomaralingam, 
2005;Halldin et al., 2006) and hence the aromatization of testosterone is important in this 
brain region (Viglietti-Panzica et al., 2001). Manipulations of sex hormones in embryos 
have organizational effects on parvocellular AVT neurons in the BSTM. Sex steroids 
treatments during embryogenesis feminize male brains, which do not shown male-typical 
expression of AVT in adulthood, while aromatase inhibitor treatments masculinize the 
female brain (Panzica et al., 1998;Panzica et al., 2005;Viglietti-Panzica et al., 
2005;Viglietti-Panzica et al., 2007). In chickens, galanin expression in the BSTM is also 
sexually dimorphic (Klein et al., 2006) and overlapps with AVT immunoreactivity (Klein 
et al., 2006). The coexpression of galanin and AVT in the same neurons may have special 
physiological significance since galanin hyperpolarizes neurons (Lundstrom et al., 2005) 
and regulates vasopressin release (Izdebska and Ciosek, 2010). 
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The activation of the BSTM is important for male sexual behavior (Balthazart et 
al., 1994) as shown by increased immediate early genes expression in the BSTM after 
male sexual behavior (Tlemcani et al., 2000;Charlier et al., 2005;Taziaux et al., 
2008a;Taziaux et al., 2008b;Goodson et al., 2009). In broiler breeders, BSTM lesions 
block male consummatory behavior (Allen et al., 2008). In addition to sexual behavior, 
same-sex encounters increase AVT neuronal activation in the BSTM in gregarious 
species (Goodson and Wang, 2006). Therefore the BSTM is not simply a key nucleus for 
mating. 
1.2.2 Lateral septum (SL) 
The avian SL is medial to the ventral horns of the lateral ventricles, dorsal to the 
anterior commissure and lateral to the medial septum and is a much extended structure in 
the brain (Montagnese et al., 2004). It is very similar to mammalian SL based upon 
anatomy, histochemistry and functions. Neuropeptides, which are used to define each 
subdivision of the SL in mammals, are also expressed in avian SL (Goodson et al., 2004). 
Based upon the distinct expression pattern of various neuropeptides, including AVT, 
galanin, substance P, neuropeptide Y, vasoactive intestinal peptide and tyrosine 
hydroxylase, avian SL can be subdivided into rostral and caudal SL (SLr and SLc; 
Goodson et al., 2004). AVT and galanin fibers are mainly located caudal portion of SLc. 
Aromatase, androgen receptor and estrogen receptor α have been found in the SL as well 
(Balthazart et al., 1989b;Balthazart et al., 1997;Fernandez-Lopez et al., 1997;Ball et al., 
1999;Rhen et al., 2003). In chickens, the expression of AVT and galanin fibers is also 
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sexually dimorphic and the fibers are likely originating from the BSTM (Jurkevich et al., 
1997;Klein et al., 2006). Castrations reduce AVT-ir fibers in SL and testosterone 
implants can restore its expression (Voorhuis et al., 1988;Panzica et al., 1996a;Kimura et 
al., 1999;Viglietti-Panzica et al., 2001;Plumari et al., 2004).  
The lateral septum has very wide connections all over the brain. Bidirectional 
connections have been documented between SL and hypothalamus (Krayniak and Siegel, 
1978;Berk and Butler, 1981;Berk and Hawkin, 1985;Balthazart et al., 1994;Montagnese 
et al., 2004) and the following systems or functions have been reported: rewarding 
pathway (Krayniak and Siegel, 1978;Kitt and Brauth, 1986a;Kitt and Brauth, 1986b;Ball 
et al., 1995;Mello et al., 1998;Montagnese et al., 2004), automonic regulation (Kitt and 
Brauth, 1986a;Kitt and Brauth, 1986b;Balthazart et al., 1989a;Mello et al., 1998), 
learning and memory center (Krayniak and Siegel, 1978;Berk and Hawkin, 1985;Casini 
et al., 1986;Szekely and Krebs, 1996;Szekely, 1999;Montagnese et al., 2004), and 
reticular formation (Krayniak and Siegel, 1978;Challet et al., 1996), GC (Krayniak and 
Siegel, 1978;Montagnese et al., 2004). The complex network between SL and other brain 
regions enable this nucleus to integrate signals it perceived and direct an animal to 
appropriate behaviors and emotions. 
The SL is involved in male sexual and agonistic behavior in birds especially 
considering the male typical expression of AVT in this region (Goodson, 2008). 
Interestingly, species differences are found in its involvement in male aggression. SL 
lesions increase male aggression in pigeons and territorial sparrows (Ramirez et al., 
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1988;Goodson et al., 1997), but decrease aggressive response in gregarious zebra finches 
(Goodson et al., 1997). Intra-septal injection of AVT facilitates aggressive behavior and 
an AVT antagonist inhibits aggression in male zebra finches (Goodson and Adkins-
Regan, 1999), but AVT reduces aggressive behaviors in sparrows (Goodson, 1998). 
Intra-septal injection of VIP only reduces aggression in the zebra finch but not in 
sparrows (Goodson, 1998;Goodson and Adkins-Regan, 1999). The species-specific 
behavioral response likely originates from differential expression of AVT receptors 
(especially the AVPR1A), VIP receptor and mesotocin receptors in the lateral septum 
(Goodson et al., 2006;Goodson, 2008). Therefore, differential expression of receptors in 
the SL is important regarding neuromodulators and their effect on eliciting behavioral 
functions. 
1.2.3 Medial preoptic region (POM) 
Avian POM can be delineated in the brain by aromatase immunoreactivity 
(Balthazart et al., 1992b). In Japanese quail, a series of works have been conducted to 
elucidate the behavioral function of the POM in male sexual behavior (see reviews 
Balthazart et al., 2004;Balthazart and Ball, 2007;Balthazart et al., 2009). Avian POM 
comprises several features. First of all, it is very steroid sensitive. The distribution of 
androgen receptor, estrogen producing enzyme and estrogen receptors overlap in the 
POM (Ball et al., 1999;Halldin et al., 2006;Voigt et al., 2009). The aromatization of 
testosterone to estrogen is crucial for male sexual behavior (Watson and Adkins-Regan, 
1989b). Sex differences have been found in the size of the POM (Viglietti-Panzica et al., 
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1986), aromatase neuron cell numbers (Balthazart et al., 1996b) and sensitivity to 
testosterone (Panzica et al., 1991) and AVT innervations in the POM (Viglietti-Panzica et 
al., 1994). The POM is bidirectionally connected with the PVN, the VMH, the SL and 
nuclei in the midbrain, including the VTA and central gray (Balthazart et al., 1994). 
Besides the extensive work in male sexual behavior, some avian studies also showed the 
POM is involved in male aggression. Aromatase activity in the POM is closely related to 
male aggressiveness (Schlinger and Callard, 1989a;Schlinger and Callard, 
1989b;Schlinger and Callard, 1990;Kotegawa et al., 1997;Silverin et al., 2004). 
Therefore, the avian POM should be considered as a nucleus controlling motivation 
rather than simply regulating male sexual behavior (Balthazart and Ball, 2007). 
1.2.4 Anterior hypothalamus (AH) 
The anterior hypothalamus is poorly defined in avian brains. There is a lack of 
consistency in delineating the accurate location and boundaries of the anterior 
hypothalamic nucleus (AH) in birds (Kuenzel and van Tienhoven, 1982;Goodson et al., 
2005a;Puelles et al., 2007). 
1.2.5 Ventromedial hypothalamus (VMH) 
Aromatase neurons are also found in avian VMH (Balthazart, 1991). With brain 
punches, comparable amount of estrogen is found in the VMH as in the POM (Charlier et 
al., 2010). Aromatase neurons in the VMH are found to co-express both androgen 
receptor and estrogen receptor (Balthazart et al., 1989b;Balthazart, 1991;Balthazart et al., 
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1991). It is likely those neurons can be regulated by androgen input and autocrine or 
paracrine input from estrogen. 
The VMH has been well known as a nucleus controlling food intake both in avian 
and mammals (see review Kuenzel et al., 1999). Besides food intake, the VMH is also 
associated with audition, song production and male courtship in some avian species. In 
pigeons, reciprocal connect between VMH and the auditory thalamus has been confirmed 
with tract tracing and electrical stimulation (Cheng and Peng, 1997). VMH lesions 
disrupt male courtship behavior, however, the behavior is restored after rehabitation with 
females (Chen et al., 2006) which due to neurogenesis in the lesioned area (Cheng et al., 
2004;Chen et al., 2006;Chen and Cheng, 2007). In the songbird, immunostaining of 
immediate early gene in the VMH is  highly correlated with  breeding context songs, thus 
the VMH is one of the  nuclei that can adjust song production in response to social and 
environmental stimuli (Heimovics and Riters, 2006;Heimovics and Riters, 2007).  
1.2.6 Periaqueductal gray (PAG) 
The PAG is located in the mesencephalon. Previous studies have revealed the 
presence of many neuropeptides in the PAG, including VIP neurons (Nicolardi et al., 
1984), corticotrophin-releasing hormone (CRH) neurons (Jozsa et al., 1984), urocortin 
neurons (Cunha et al., 2007), catecholamine neurons (Lynch et al., 2008), enkaphalin 
fibers (de Lanerolle et al., 1981),and orexin fibers (Singletary et al., 2006). Based upon 
histochemical features, it is proposed to be homologous to the mammalian PAG 
(Dubbeldam and den Boer-Visser, 2002). 
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The connections between POM, PAG and song-producing nuclei suggest the PAG 
relays the signal from the POM to song nuclei during mating (Riters and Alger, 2004). 
The dopamine system in the PAG is especially important for singing in response to 
different social contexts (Nordeen et al., 2009;Heimovics et al., 2009). The PAG is also a 
motor center for male copulation. Increased immediate early genes have been observed 
after male sexual behavior in Japanese quail (Charlier et al., 2005). The aromatase-ir 
afferent projections from the caudal POM is sexually dimorphic and may be responsible 
for the male-typical copulatory behavior (Absil et al., 2001;Carere et al., 2007). 
1.3 Summary 
The avian social brain network in birds is very comparable to mammalian 
counterparts. Most of the studies have focused on the Japanese quails and songbirds. 
Considering behavioral features of chickens particularly that male sexual and agonistic 
behaviors share some displays, suggests that the chicken is a useful model to compare 
with other avian species in order to establish common systems involved in vertebrate 
sociality. 
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Chapter 2 
Neuromodulators Involved In Regulating Male Social Behavior 
Social behaviors are complex behaviors and the occurrence and regulation need 
the coordination of many aspects, including detecting the social signal, integrating 
sensory signals and relaying to the motor neurons, activating neuroendocrine axes and 
autonomic systems. It is reasonable that even a simple movement may involve many 
neuropeptides/neuromodulators in the brain. Among them, three systems, estrogen, 
arginine vasotocin/vasopressin (AVT/AVP) and corticotrophin-releasing hormone 
(CRH), have been extensively studied and their social behavioral effects have been 
demonstrated in many experiments. Literature was reviewed focusing on these three 
systems. 
2.1 Estrogen and its receptors 
2.1.1 Estrogen and aromatase 
Although estrogen is known as a “female” gonad hormone, it is also crucial in the 
development of brain pathways and modulating social behavior in male animals 
(Balthazart et al., 1996b;Simerly, 2005;Balthazart et al., 2009). At the embryonic stage 
when gonads were bipotential, reduction in estrogen reproduction by treating with an 
aromatase inhibitor can permanently change genetic female chickens to phenotypic males 
(Elbrecht and Smith, 1992). Similar results has also been found in Japanese quail (Aste et 
al., 1991;Panzica et al., 1998). In mammals, treatment with estrogen in the perinatal 
period can masculinize female brain pathways by changing the cyclooxygenase-2 and 
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increasing prostaglandin-E2, resulting in fully functional male sexual behavior in 
adulthood (Amateau and McCarthy, 2004). Besides the organizational function of 
estrogen on the male brain and behaviors, estrogen is also necessary for activation of 
male behaviors because (1) estrogen can mimic T effects for eliciting male sexual 
behavior and (2) blocking estrogen receptors and aromatase activity can block 
testosterone effects on male sexual behavior (Aste et al., 1993;Balthazart et al., 
1996;Viglietti-Panzica et al., 2001). Even when androgen is largely involved in song 
production, the expression of androgen receptors in the neural song circuit can be 
regulated by estrogen before hatching (Kim et al., 2004). In addition, alterations in 
estrogen production by changing aromatase activity and reorganizing estrogen receptors 
have been proposed to be the epigenetic mechanism by which early social experience 
influences individual social behaviors in the adulthood (Cushing and Kramer, 
2005;Trainor et al., 2006). 
Aromatase is responsible for the key step of estrogen synthesis in both males and 
females and the gene coding chicken aromatase is located on the long arm of 
chromosome 1 (Tereba et al., 1991). The predicted amino acid sequence of chicken 
aromatase shows great homology to its human counterpart (McPhaul et al., 1988). Brain 
aromatase-ir estrogen producing neurons are highly abundant in the preoptic region as 
well as some other hypothalamic nuclei and hippocampus (Balthazart et al., 1990;Beyer 
et al., 1994;Foidart et al., 1995). Using in situ hybridization, aromatase mRNA has been 
found widespread in the preoptic area, hypothalamus, hippocampus and neostriatum but 
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not in the song nuclei of male song birds (Shen et al., 1994). Comparing male and female 
quail, the dorsolateral POM has sexually dimorphic expression of aromatase. 
Specifically, males have more and larger cells than females (Foidart et al., 1994;Panzica 
et al., 1996;Balthazart et al., 1996;Panzica et al., 2001). 
2.1.2Estrogen receptors 
 Similar to mammals and other avian species, estrogen has two nuclei receptors, 
ERα and β. Chicken ERα has 589 amino acids and the molecular weight is approximately 
66 kDa (Krust et al., 1986;Maxwell et al., 1987). The whole amino acid sequence shows 
about 80% identity to human ERα. Three regions (regions A, C and E) in the sequence 
have high homology to their human counterparts, which serve as the binding sites for 
ligands, DNA and coactivators, respectively (Krust et al., 1986;Maxwell et al., 1987). 
Shorter isoforms of ERα in the 5’ end of mRNA sequences have also been identified and 
are partially functional in the absence of ligand, while long isoform ERα functions 
depending on the presence of estrogen (Griffin et al., 1998;Griffin et al., 1999;Griffin et 
al., 2001). ERβ was first cloned from the rat prostate cDNA library in 1995. It encodes a 
protein of 485 amino acids, which shows moderate to high homology to the ERα in the 
DNA binding domain and ligand-binding domain (Kuiper et al., 1996). Tissue specific 
alternative splicing of ERβ has been shown in human tissues (Poola et al., 2002;Poola, 
2003;Zhao et al., 2008;Weiser et al., 2008). Chicken ERβ is located on the chromosome 5 
and has the conserved DNA and ligand binding domains. Although chicken ERβ was 
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cloned and the sequence was submitted to Genbank in 2000, no study is available 
regarding characterization of ERβ gene or protein. 
Different distribution patterns of ERα and ERβ have been found in peripheral 
tissue and in the central nervous system (Kuiper et al., 1998;Foidart et al., 1999). Among 
different avian species, ERα distribution pattern is consistent in the brain. Cells 
expressing ERα mRNA are located in the limbic forebrain, the midbrain striatum, the 
hippocampus and the hindbrain with highest abundance in the preoptic area and the 
tuberal hypothalamus (Balthazart et al., 1989;Gahr et al., 1993;Halldin et al., 2006). ERβ 
is also found in those areas, however, with a much higher expression in the BSTM and 
TnA (Halldin et al., 2006). From the developmental point of view, ERβ is expressed as 
early as embryonic day 9 in the POM, the BSTM and the tuberal hypothalamus while 
ERα expression is not detected until embryonic day 17 in the POM, the TnA and the 
telencephalon (Axelsson et al., 2007). The two estrogen receptors display sexual 
differentiation and show opposite directions of expression. For example, more ERβ is 
expressed in the male mediobasal hypothalamus than the female, while more ERα is 
found in the female medial preoptic and hypothalamic area than the male counterparts 
(Voigt et al., 2009). Some cells in the POM are both estrogenic and estrogen responsive 
since aromatase and ERα are co-expressed in the same neurons. In contrast, expression of 
aromatase and ERα overlap in the BSTM, but is not found in the same neuron (Saldanha 
and Coomaralingam, 2005). In quail, cells co-expressing aromatase and ERα are mostly 
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located in the ventromedial and tuberal hypothalamus, while in the POM and SL, very 
few cells are found to express both proteins in the same neurons (Balthazart et al., 1991). 
Two subtypes of ERs may have different function in social behavior because of the 
differences in the developmental and distribution pattern in the social brain pathways 
(Ball et al., 1999;Gahr, 2001). By means of specific knockouts and treatments with 
selective agonists/antagonists for estrogen receptors, both ERα and ERβ have been shown 
to mediate the estrogen facilitatory effect on sexual behavior and reproduction; the 
presence of one subtype can compensate for the absence of the other one (Rissman et al., 
1997;Rissman et al., 1999;Simpson and Davis, 2000a;Ogawa et al., 2000). Suppressing 
the expression of ERα and β in the brain attenuates estrogen effects on male affiliative 
and sexual behavior, respectively (Walf et al., 2008). Only the double knockout of ERα 
and β or knockout of aromatase can completely eliminate male sexual behavior and 
ultrasonic vocalization (Ogawa et al., 2000;Simpson and Davis, 2000). Some behaviors 
are likely involved in the activation of a specific estrogen receptor. ERα is the major 
receptor for male aggressive behavior (Ogawa et al., 2000;Simpson and Davis, 
2000;Scordalakes and Rissman, 2003) and ERβ is involved in the regulation of anxiety 
and stress (Bodo and Rissman, 2006;Zhao et al., 2008;Weiser et al., 2008). An interaction 
has been revealed between the two subtypes of estrogen receptors. In the presence of low 
estrogen, ERβ represses ERα transcription activity and decreases the overall cell 
sensitivity to estrogen; when high levels of estrogen are present, ERβ serves as an agonist 
for ERα (Hall and McDonnell, 1999;Pettersson et al., 2000). 
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2.2 Arginine vasotocin (AVT) and its receptors 
2.2.1 Structures and distribution of chicken AVT and its receptors 
Avian AVT and mesotocin, together with their mammalian homolog arginine 
vasopressin (AVP) and oxytocin (OT) are structurally related nonapeptides and form an 
ancient superfamily. The AVT/AVP genes contain three exons and two introns (Hara et 
al., 1990;Hamann et al., 1992). Two cysteine residues in the amino acid sequence form a 
disulfide bond. The only difference between AVT and AVP is the amino acid Ile3 in 
AVT is replaced with Phe3 in AVP. In the brain, there are two cellular systems for the 
synthesis of AVT/AVP. Magnocellular cells in the hypothalamic supraoptic (SON) and 
paraventricular nuclei (PVN) synthesize AVT/AVP and transport it directly to the 
posterior pituitary to regulate osmosis. Parvocellular neurons in the medial portion of bed 
nucleus of the stria terminalis (BSTM), the nucleus Taeniae/ amygdala (TnA) and 
suprachiasmatic nucleus (SCN) also synthesize AVT/AVP but project to other brain 
areas, including the lateral septum (SL), the preoptic area (POA) and are involved in 
behavioral regulation. 
There are three G-protein-coupled receptors for AVT/AVP: AVPR1A, AVPR1B 
and AVPR2 (Zingg, 1996;Thibonnier et al., 2002;Baeyens and Cornett, 2006). Genes 
coding AVT receptors all consist of two exons separated by an intron. Chicken AVPR2, 
also known as VT1R, has 370 amino acids and is mostly found in the shell gland and 
brain. It is expected to regulate oviposition and social behaviors (Tan et al., 2000). 
Chicken AVPR1B or VT2R has 425 amino acids (Cornett et al., 2003) and is largely 
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found in the anterior pituitary but not in the brain. It stimulates release of ACTH and is 
involved in the stress response (Cornett et al., 2003;Jurkevich et al., 2008). Both AVPR2 
and AVPR1B couple with the phosphatidyl inositol signal pathway. Ligands that bind to 
the receptors activate turnover of phosphatidyl inositol and release intracellular Ca2+ (Tan 
et al., 2000;Cornett et al., 2003;Baeyens and Cornett, 2006). Chicken AVPR1A or VT4R 
has 419 amino acids and is the most understudied AVT receptor. In rats, abundant 
AVPR1A is present in the olfactory bulb, SL, hippocampal formation, amygdalostriatal 
area, BST, hypothalamic area, such as the SCN, as well as the midbrain, pons and caudal 
medulla including the ventral tegmental area (VTA), substantia nigra, superior colliculus, 
dorsal raphe, and nucleus of the solitary tract (Johnson et al., 1993;Ostrowski et al., 
1994;Szot et al., 1994) and moderate binding in the spinal cord (Tribollet et al., 1997). 
Few studies have addressed the avian AVPR1A. Using radio-labeled mammalian 
AVPR1A antagonist, the binding of HO-LVA was only found in the SL, the robust 
nucleus of acropallium and the optic tectum of song birds (Leung et al., 2009). It requires 
caution to draw the conclusion that very few AVPR1A are present in the avian brain as 
species differences may contribute to the low affinity of appropriate binding with 
mammalian antagonists. 
2.2.2 Physiological functions of AVT 
In birds, AVT is involved in osmoregulation, blood pressure regulation and 
oviposition (reviewed by Baeyens and Cornett, 2006). AVT is also a stress hormone in 
chicken. Intravenous injection of AVT stimulates the release of corticosterone and co-
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injection of AVT and CRH has been shown to have a synergistic stimulatory effect on the 
release of corticosterone (Mikhailova et al., 2007;Madison et al., 2008). In the anterior 
pituitary, AVPR1B is found in adrenocorticotropic hormone (ACTH) cells (Jurkevich et 
al., 2008) and forms a heterodimer with the CRH receptor (Mikhailova et al., 2007). 
The wide expression of AVP receptors, especially the AVPR1A, in brain regions 
known to regulate mammalian social behavior suggests its role in behavioral function 
(Young et al., 1997;Young et al., 1999;Young et al., 2000). Knockout of the AVPR1A 
gene blocks social recognition in rats and re-expression of the gene in the SL completely 
restores the behavioral capability (Bielsky et al., 2005). Manipulations of AVT also 
potently affect different social behaviors although conflicting results have been found in 
different studies due to different dosages, means of administration and animal species. 
Intravenous injection of AVT significantly increases total sexual activities (waltzing, 
comb grabbing, mounting and copulation) in cocks, but intramuscular injections did not 
change sexual activities in male pigeons (Kihlstrom and Danninge, 1972). In Japanese 
quail, either intramuscular injection or intracerebroventricular injection of AVT inhibited 
male sexual behavior and dPTyr(Me)AVP, an antagonist of AVP1 receptors, can block 
the inhibitory effect of systemic injection of AVT (Castagna et al., 1998). High doses of 
AVT implanted subcutaneously, significantly reduced singing and courtship displays 
(Harding and Rowe, 2003) but infusion of AVT in the lateral septum did not change 
courtship singing in male zebra finch (Goodson et al., 2004). Nonetheless, AVT can 
change male sexual behavior in birds in a species-specific manner. 
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AVT injections also change aggressiveness in birds. Subcutaneous injections of 
AVT attenuated aggression in starlings (Nephew et al., 2005). Central administrations of 
AVT inhibited male aggression in the territorial field sparrow, violet-eared waxbill and 
Japanese quail but facilitated aggression in the colonial zebra finch (Riters and Panksepp, 
1997;Goodson, 1998a;Goodson, 1998b;Goodson and Adkins-Regan, 1999;Goodson et 
al., 2004). More aggressive white-striped white-throated sparrows have more AVT-ir 
neurons in the BSTM and fibers in the caudal SL than its counterpart tan-striped morph 
(Maney et al., 2005). Goodson and Wang proposed AVT neurons in the BSTM are 
valence-sensitive to social contexts (Goodson and Wang, 2006). Positive social stimuli, 
such as affiliate behavior increased the activation of AVT neurons in the brain while 
negative social stimuli, such as aggression decreased the number of AVT neurons in the 
BSTM. 
A polymorphism at a single locus of AVPR1A gene has been found in human, 
rodents and reptiles. The alteration of gene expression and receptor distribution in the 
brain by the presence of a highly repetitive array of short tandem repeat (STR) sequences 
in the 5’ regulatory region of the AVPR1A gene has been linked to different behavioral 
phenotypes (polygamous VS monogamous, social VS solitary, parental VS non-parental) 
(Young et al., 1997;Hammock and Young, 2002;Phelps and Young, 2003;Hammock and 
Young, 2004;Prichard et al., 2007;Walum et al., 2008;Ophir et al., 2008;Knafo et al., 
2008;Donaldson et al., 2008). It is clear in voles that are monogamous, e.g. prairie voles,  
are also more social, have less AVPR1A expressed in the SL, and more AVPR1A in the 
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ventral pallidum compared to solitary, polygamous, montane voles (Young et al., 
1997;Phelps and Young, 2003). In other rodent species, manipulation of the expression of 
AVPR1A in the lateral septum significantly improves social recognition (Landgraf et al., 
2003;Bielsky et al., 2005) and in the ventral pallidum the expression of AVPR1A 
improved pair-bond formation (Bester-Meredith et al., 1999;Lim et al., 2004). In 
chickens, related work has not been completed, however, a significant QTL associated 
with social behavior was found on chromosome 1 in which the AVPR1A is located 
(Schutz et al., 2002). Therefore the expression AVPR1A in the brain may also be 
important for a social behavior phenotype expressed in chickens. 
2.3 Corticotropin-releasing hormone and its receptors 
2.3.1 Corticotropin-releasing hormone (CRH) 
The organization of the CRH gene is very conserved among all vertebrates and 
the primary sequence of chicken CRH peptide is identical with human and rat and with 
83% similarity with sheep (Vandenborne et al., 2005). Chicken CRH contains 2 exons 
and is located on chromosome 2. Sequences coding the signal peptide and the 
prohormone are exclusively located in the second exon. The total length of the chicken 
CRH gene is 794bp and mature CRH peptide is 41-amino acid long (Vandenborne et al., 
2005). In chickens as well as other avian species, CRH immunoreactivities are present all 
over the brain, including the telencephalon, diencephalon, mesencephalon and lower 
brainstem, suggesting its wide range of physiological functions (Jozsa et al., 1984;Wang 
and Millam, 1999;Richard et al., 2004). Among all those brain regions, CRH neurons 
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were first detected in the paraventricular nucleus (PVN) as early as embryonic day 14 
(Jozsa et al., 1986) and the PVN is the major source of CRH neurons in the brain. 
Parvocellular CRH neurons in the PVN project to the medium eminence and release the 
peptide into the hypophyseal portal system to stimulate corticosterone release in the 
anterior pituitary and subsequently corticosterone from the adrenal gland, forming the 
hypothalamic-pituitary-adrenal (HPA) axis to regulate the stress response. Besides the 
hypothalamus, extrahypothalamic brain regions also have CRH neurons or processes 
(Antoni, 1986). For example, CRH-ir fibers were found apposed to GnRH-I neurons in 
the NCPa and it may regulate the hypothalamic-pituitary-gonadal (HPG) axis directly 
(Wang and Millam, 1999). CRH neurons and innervations in the limbic system, a 
rewarding pathway including the extended amygdala, the septum, the nucleus accumbens 
and the periaqueductual gray, are known to regulates anxiety-like behaviors (Lovejoy and 
Balment, 1999;Koob and Heinrichs, 1999;Smagin et al., 2001;Bale and Vale, 
2004;Heinrichs and Koob, 2004), social recognition and pair-bonding (DeVries et al., 
1996;DeVries et al., 2002;Lim et al., 2007) and locomotion (Koob and Heinrichs, 
1999b;Smagin et al., 2001;Bale and Vale, 2004;Heinrichs and Koob, 2004). Furthermore, 
CRH is also involved in the inhibition of food intake and energy homeostasis (Saito et al., 
2005;Tachibana et al., 2006;Yuan et al., 2009;Kamisoyama et al., 2009;Cline et al., 
2009). 
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2.3.1 Corticotropin-releasing hormone receptors (CRHRs) 
Like most vertebrates, two subtypes of CRH receptors have been found in 
chickens. Both receptors are G-protein coupled receptors and are highly conserved across 
different species (Yu et al., 1996;de Groef et al., 2004). Chicken CRHR1 encodes a 420-
amino acid protein and CRHR2 encodes a 412-amino acid protein (Yu et al., 1996;de 
Groef et al., 2004). Unlike multiple isoforms of mammalian CRHR2, to date only one 
CRHR2 was found in chickens, which resembling the α isoform of mammalian CRHR2 
but not the β isoform (de Groef et al., 2004). Intracellular C-terminal is very conserved in 
both CRHR1 and CRHR2, while the N-terminal differs among different species (Yu et 
al., 1996;de Groef et al., 2004). Both CRH receptors have been detected in the pituitary, 
the olfactory bulbs, the telencephalon, the diencephalon, the cerebellum and the 
brainstem. Peripheral expression of CRHR1 is limited to the liver, lung and ovary, while 
CRHR2 is widely distributed in all peripheral tissue except kidney (de Groef et al., 2004). 
Endogenous ligands for CRHR1 are CRH and CRH-like peptide urocortin I, while 
CRHR2 has high affinity to urocortin I, II and III and relatively low affinity to CRH 
(reviewed by Gysling et al., 2004;Boorse and Denver, 2006). In chickens, CRHR1 shows 
high affinity with CRF, urotensin I and sauvagine (Yu et al., 1996), while little is known 
about CRHR2 since urocortin has not yet been cloned in chickens except a computerized 
sequence for urocortin III in Genbank.  
Detailed mapping of the distribution of CRHR1 and CRHR2 shows that they 
rarely overlap in brain (Van et al., 2000). In rats, CRHR1 is preferentially located in 
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cortical layers 1 and 3 and CRHR2 is in the deep layer of cortex. In the limbic system, 
more CRHR1 is distributed in the medial septum while CRHR2 is mainly found in the 
lateral septum. In the ventromedial hypothalamus and the nucleus raphe, CRHR2 is the 
major receptor, while in the pituitary, CRHR1 is the major CRH receptor (Van et al., 
2000). It is apparent that CRHR1 and CRHR2 have different physiological functions. 
Despite some conflicting evidence, in general CRHR1 mediates the stress response and 
stress behaviors while CRHR2 stimulates stress-coping behaviors (Suda et al., 2004). 
Activation of CRHR1 stimulates secretion of ACTH, increases blood pressure, activates 
sympathetic neurons thereby producing more anxiety-like behaviors and suppressing 
food intake (Suda et al., 2004). CRH is the main ligand associating with activation of the 
HPA axis and stress response and urocortin I actually appears to regulate stress-related 
behavior (Gysling et al., 2004). In contrast to the anxiogenic effect of CRHR1, the 
activation of CRHR2 is anxiolytic (Suda et al., 2004).  
Furthermore, species and sex differences have been found in the expression of 
CRHR1 and 2 in the brain although both receptors are consistently found in the olfactory 
bulb, cortex, choroid plexus, cerebellum and nucleus raphe of voles, rat and monkey 
(Lim et al., 2005). In voles, it nicely shown that polygamous and monogamous species 
have different expression patterns of CRHR1 and CRHR2 in the amygdala, nucleus 
accumbens, lateral septum, thalamus,  habenula, and nucleus raphe (Lim et al., 2005), but 
no congruent conclusion has been made about the systems in which the two receptors 
function. Since CRH modulate social recognition and pair bond formation differently 
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between the two sexes of voles (DeVries et al., 1996;DeVries et al., 2002;Lim et al., 
2007), sex differences were found in the expression of CRHR2 in the medial caudal 
subdivision of the BnST with females having more CRHR2 expression (Lim et al., 2005). 
Strikingly, those brain regions with differential receptor expression belonged to a social 
behavior pathway and a reward pathway. Considering the structural conservation, 
CRHR1 and CRHR2 may also mediate the regulatory effect of CRH on chicken social 
behavior. 
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 Abstract 
Male sexual and agonistic behaviors are controlled by the common social 
behavior network, involving subpallial and hypothalamic brain areas. In order to 
understand how this common network generates different behavioral outcomes, induction 
of FOS protein was used to examine the patterns of neuronal activation in adult male 
chickens following interaction with a female or a male. Males were subjected to one of 
the following treatments: handling control, non-contact interaction with a female, contact 
interaction with a live female, a taxidermy female model or another male. The number of 
FOS-immunoreactive (FOS-ir) cells, and area and immunostaining intensity of individual 
cells were quantified in the medial preoptic nucleus (POM), medial extended amygdala 
(nucleus taeniae of the amygdala, and dorsolateral and ventromedial subdivisions of the 
medial portion of the bed nucleus of stria terminalis, BSTM1 and BSTM2, respectively), 
lateral septum (SL), hypothalamic paraventricular nucleus (PVN), bed nucleus of the 
pallial commissure (NCPa) and ventrolateral thalamic nucleus (VLT). An increase in 
FOS-ir cells following appetitive sexual behavior was found in BSTM2 and NCPa. 
Copulation augmented FOS-ir in POM, SL, VLT, and PVN. Inter-male interactions 
increased FOS-ir in all examined brain regions except the medial extended amygdala. 
Within the SL, copulatory and agonistic behavior activated spatially segregated cell 
groups. In the PVN, different social behaviors induced significant changes in the 
distribution of FOS-ir cell sizes suggesting activation of heterogeneous subpopulations of 
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cells. Collectively, behavioral outcomes of male-female and male-male interactions are 
associated with a combination of common and site-specific patterns of neural activation. 
Keywords: social behavior, FOS, medial preoptic area, medial extended amygdala, bed 
nucleus of the pallial commissure 
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1. Introduction 
Mating behavior and aggression are two important components of social 
behavior that are indispensable for the survival of individuals and species. Mating and 
aggressive behaviors are not always unequivocally distinct and there is considerable 
overlap between sexual and aggressive displays. Numerous studies involving many 
vertebrate species, in particular birds and teleost fish, have reported that some male 
courtship and aggressive displays are virtually indistinguishable [1-5]. Involvement of 
aggression in precopulatory courtship behavior has been considered important for 
eliciting sexual excitement [6]. Classical ethologists interpreted these observations as 
activation of common motor patterns elicited by different combinations of conflicting 
motivations: sexual, attacking and fleeing motivations during courtship, and attacking 
and fleeing motivations during agonistic encounters [1,5]. Subsequent mechanistic 
studies have focused on neuroendocrine regulation of either sexual or aggressive 
behavior; however, no specific neural mechanism has been proposed to explain the 
observed interconnections between sexual and aggressive behavior. 
An integrated neural mechanism is substantiated since mating and aggressive 
behaviors in males of many vertebrate species are associated with testicular and 
intracerebral synthesis of steroid hormones. Testosterone and its estrogen metabolites are 
preferentially accumulated by hypothalamic and subpallial neurons, which exert 
activational effects on male-typical behavior [7]. These steroid-sensitive neural pathways 
were proposed to comprise a unitary brain network regulating various aspects of social 
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behavior in vertebrates [8,9]. In birds, efforts have been made to define patterns of neural 
activation induced by sexual and agonistic encounters in various brain areas which 
constitute the putative avian social behavior network [10-13]. Studies utilizing immediate 
early gene (IEG) transcripts and protein products resulted in important insights into 
behavioral functions of specific neuronal groups in birds. Comparative analysis of IEG 
patterns induced by mating and agonistic behaviors, however, is confounded since male-
female and male-male encounters were studied in different avian species that differed in 
their social organization and mating systems. In order to identify cell groups important 
for the control of mating and agonistic behavior, the present study used FOS protein 
immunohistochemistry to examine changes in neural activation patterns within subpallial 
and hypothalamic brain areas of adult male chickens following interaction with a female 
or a male. We also attempted to differentiate between neural activation associated with 
courting (appetititve) and copulatory (consummatory) phases of mating behavior by 
providing a male with restricted access to a female placed behind a transparent barrier or 
by allowing full access to a female. 
It has long been known that male chickens as well as some other gallinaceous 
and non-gallinaceous birds do not mate with females at random thereby exhibit 
preferential mating [14,15]. In the experimental paradigm used in this study as well as in 
many other studies dealing with sexual behavior, each male was presented with a 
different female. It is likely that different females could possess different qualities and 
behavioral idiosyncrasies, and therefore elicit different motivational and/or behavioral 
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responses of the male. Hence variable activation of the brain can be expected. We 
addressed this issue by presenting the male with full access to a “standard” stimulus – a 
taxidermy mount of the adult female chicken soliciting copulation. We hypothesized that 
if the taxidermy female model is as powerful a behavioral releaser as the live female, 
both the taxidermy model and the live female will induce similar patterns of FOS protein 
in a male’s brain structures but within-group variability of FOS-immunoreactive cell 
counts will be less prominent in males interacting with the taxidermy model. 
2. Materials and Methods 
2.1 Subjects 
Adult male and female broiler chickens Gallus gallus were used in this study. 
They were raised in same-sex floor pens. At the age of twenty weeks males were 
transferred to individual battery cages while females remained in large pens until thirty 
weeks of age when they were placed into smaller pens (1.75 x 1.84 m, 8 birds /pen) 
equipped with nest boxes. All pens were located in the same room with temperature set at 
21°C and the photoperiod was maintained at 16h light and 8h dark with lights on at 5 
AM. Intensity of light was set at 20-40 lx. All birds received a commercial diet and were 
feed-restricted daily in compliance with a commercial poultry management guide for 
broiler breeders. Water was available ad libitum. Body weight of all birds was monitored 
on a weekly basis. All males received some sexual experience by placing them for 
several hours in pens with females, one male per pen. Each male was rotated to a 
different group of females at least two times. Each male was placed in a pen housing a 
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group of eight females and his mating activity was scored for twenty minutes on two 
separate days. Only males who copulated at least once during each twenty-minute period 
were used in the experiment described below. All procedures and experimental protocols 
involving animals were approved by the University of Arkansas Institutional Animal 
Care and Use Committee. 
2.2 Treatments 
Selected males were randomly allocated to one of the following treatment 
groups (n = 6/group) and submitted to a twenty-min long behavioral test: (1) males 
presented with an adult female placed in a transparent chamber (43 x 43 x 74 cm, length 
x width x height) in the middle of a test arena (male-female non-contact interaction, M-
FN), (2) males presented with a taxidermy mount of an adult female in a crouching 
(receptive) position (male-taxidermy female interaction, M-FT), (3) males presented with 
an adult female (male-female contact interaction, M-FC), (4) males presented with 
another randomly selected male (male-male interaction, M-M). All behavioral tests were 
performed in the same room divided into two parts by a screen with one-way mirror 
glass. The larger room portion contained two visually isolated pens (1.75 x 1.84 m), one 
of which was used for behavioral testing. The smaller part of the room accommodated an 
observer and the video recording equipment. The taxidermy model was cleaned after 
each test. At the end of observation periods, each male was returned to its home cage for 
60 minutes before being administered an overdose of anesthetic and perfused with 
heparinized saline followed by a fixative. An additional group of males served as 
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handling controls (CON). They were taken out of their cages, carried to the observation 
room but without entering it and then returned to their cages for 80 minutes before being 
anesthetized and perfused. Blood samples were taken from the brachial vein 60 minutes 
after completion of the behavioral testing. Timing of blood sampling was chosen to avoid 
any possible interference of sampling procedure with effects of social interactions on 
FOS expression. Plasma was separated and stored at -20ºC until assayed for testosterone. 
All treatments were conducted between 1 PM and 5 PM.  
All behavioral tests were video-recorded using a color video camera (WV-
CP480, Panasonic, Secaucus, NJ) connected via a digital video converter (model 
ADVC110, Canopus Corp., San Jose, CA) to a computer running The Observer XT 7.0 
software (Noldus IT Inc., Leesburg, VA). After completion of all tests, behavior of males 
was scored from recorded video clips using The Observer XT software. Behavior was 
analyzed over the first fifteen minutes of the observation period because the last five 
minutes of behavioral tests were found to be less eventful. The frequency and latency of 
mating and agonistic displays were determined. Brief descriptions of behavioral displays 
are given in Table 1. 
2.3 Immunohistochemistry 
Sixty minutes after completion of behavioral tests, each male was deeply 
anesthetized with sodium pentobarbital solution (40 mg/kg i.v.). They were perfused via 
carotid arteries with 200 ml heparinized phosphate buffered saline (PBS, 0.1 M with 
0.1% sodium nitrite, pH 7.4) followed by 400 ml Zamboni’s fixative (4% 
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paraformaldehyde, 15% saturated picric acid in PBS, pH 7.4). Brains were blocked in a 
stereotaxic instrument (Kopf, Tujunga, CA) and postfixed in the same fixative overnight 
at 4ºC, cryoprotected in 30% sucrose in 0.1 M PBS until they sank, frozen on dry ice and 
stored at – 80°C. Four sets of 40 μm-thick coronal sections were cut using a cryostat 
(Leica CM 3050 S, Leica Microsystems, Frisco, TX) and stored in cryoprotective 
solution at -20°C until used for immunohistochemistry. Collected sections spanned the 
brain structures located between stereotaxic anterior-posterior planes A8.4 and A7.4 of a 
chick brain atlas [16]. One set of sections was used for visualization of FOS 
immunoreactive (FOS-ir) cells while sections through the preoptic region from the 
second set were stained for aromatase immunoreactivity (see below). Two remaining sets 
were kept as backups. Twelve sections through the same structures from the first set were 
carefully matched among all subjects using major neuroanatomical structures as 
landmarks and split in two subsets (6 sections/subset per subject) from the preoptic area 
to the anterior commissure and from the anterior commissure to the posterior lateral 
septum at plane A7.6, respectively. Each subset of sections from all subjects was then 
processed in a separate immunohistochemical assay as follows. Sections were rinsed in 
several changes of 0.02 M PBS and treated with 0.6% hydrogen peroxide in PBS for 30 
minutes to quench endogenous peroxidase. After rinsing in PBS, sections were 
permeabilized with 0.4% Triton X-100 and incubated in 5% normal goat serum (NGS, 
with 0.1% sodium azide) for 30 minutes to reduce non-specific binding before being 
placed for 35-40 hours at 4°C in the primary polyclonal anti-FOS antibody (sc-253, Lot 
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E1606, Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:3,000 in PBS with added 
1% NGS, 0.2% Triton X-100 and 0.1% sodium azide. This antibody was raised in rabbit 
against an internal region within FOS protein of human origin homologous to a 
corresponding region of chicken FOS. Sections were then incubated for 90 minutes with 
biotinylated goat anti-rabbit antibody (1:500, Vector Laboratories, Burlingame, CA) 
followed by incubation for 90 minutes with Vectastain Elite ABC-peroxidase complex 
(Vector Laboratories) diluted 1:5. Immunoreactivity was visualized using chromogenic 
diaminobenzidine-nickel complex developed in the presence of glucose oxidase [17]. 
Sections were mounted on clean microscope slides and coverslipped with Histomount 
(National Diagnostic, Atlanta, GA). Crossreactivity of the anti-FOS antibody with avian 
FOS protein was confirmed in several studies [18]. Additionally, specificity of antibody 
was verified in a preabsorption test when the antibody in a working dilution was 
incubated overnight at 4ºC with the antigen peptide used in antibody production (sc-
253P, Santa Cruz Biotechnology). The antigen-antibody mixture was centrifuged for ten 
minutes at 15,000g and the supernatant was used as the primary antiserum in the 
immunohistochemical procedure described above. Results showed that preabsorption 
completely eliminated staining. 
Aromatase immunoreactivity was used to delineate the medial preoptic nucleus 
(POM) because the anatomical boundaries of this nucleus in the chicken have not been 
clearly defined to date (see Fig 1B). Studies in quail and a few other bird species 
demonstrated that aromatase-ir neurons in the preoptic area could accurately outline the 
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POM in these species [19]. The rabbit anti-aromatase antibody raised against a fragment 
of chicken aromatase, a gift from Dr. Peter J. Sharp, was diluted 1:10,000 and used as the 
primary antibody in a procedure comparable to that described for FOS labeling. 
Immunoreactivity was visualized using chromogenic diaminobenzidine. Specificity of 
this antibody was characterized previously [20]. 
2.4 Image analysis 
All sections were coded and analysed by a person who was not aware of their 
treatment designation. Quantification was conducted in brain structures previously 
reported to be involved in control of sexual and agonistic behavior [21-23]: the medial 
preoptic nucleus (POM), the nucleus taeniae of the amygdala (TnA), the medial part of 
the bed nucleus of the stria terminalis (BSTM), the lateral septum (SL), and the 
paraventricular nucleus (PVN). Additionally, nuclei showing obvious between-treatment 
differences in FOS expression such as the ventrolateral thalamus (VLT) and the bed 
nucleus of the pallial commissure (NCPa, also known as nucleus of the hippocampal 
commissure [24]) were also analyzed. Sections were digitized using a CCD camera 
(Orca-ER, Hamamatsu, Bridgewater, NJ) connected to an Axioplan II Imaging 
microscope (Carl Zeiss, New York). To quantify the amount of FOS-ir cells, images were 
taken bilaterally using a 10X (BSTM, TnA, SL and PVN) or 20X objective lens (POM, 
VLT and NCPa). Subsequently, the same areas of sections were imaged with a 40X 
objective lens and images were used to measure the area and optical density (OD) of 
immunostaining within individual cells. Two successive sections 160 μm apart were used 
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for FOS quantification in each examined region, except for the POM and SL. The FOS-ir 
cells in the POM were quantified at three different rostro-caudal levels while in the SL 
quantification was conducted at four rostro-caudal levels beginning from the stereotaxic 
plate A8.2 where the rostral edge of the anterior commissure first appeared. 
Semi-automatic quantification was conducted using Image-Pro® Plus software 
(Version 6.2, Media Cybernetics, Bethesda, MD). An interactive macro was designed and 
implemented combining into a continuous workflow the following procedures: 
background substraction, spatial filtering, segmentation, object counting and 
measurements within defined regions of interests (ROIs) followed by data export into an 
Excel spreadsheet. A combination of exclusion thresholds was implemented allowing 
only the objects with area size between 10 and 100 µm2, optical density levels from 0 
(dark) to 50 (light) and roundness from 1 to 2 to be included in the analysis. All regions 
of interest (ROIs) are schematically shown in Fig 1A and the placement of each ROI is 
described in the Table 2. The reliability of computer-assisted cell counting was validated 
by comparing computer-generated cell counts against direct manual counts within the 
same ROIs in randomly selected sections through the BSTM (n = 7), SL (n = 13) and 
PVN (n = 5). Computer-assisted cell count values highly significantly correlated with 
manual cell counts (R2 = 0.9427, p < 0.001, Fig 2) and were about 10% lower than 
manual counts. These differences were consistent throughout the broad range of tested 
cell densities. 
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The area size and integrated optical density (IOD) of immunostaining within 
nuclei were quantified in 50 FOS-ir cells/structure/animal, except in POM (20 
cells/structure/animal), BSTM2 (30 cells/structure/animal) and SL (30 cells/ROI/animal). 
For visualization and analysis, the optical density data were inversed so that lightly 
stained nuclei had lower numerical values and darkly stained nuclei had higher numerical 
values. 
2.5 Radioimmunoassay 
Plasma testosterone concentration was determined by radioimmunoassay with a 
Coat-a-Count Total Testosterone kit (TKTT, Siemens Medical Solutions Diagnostics, 
Los Angeles, CA). Plasma samples (200 μl) were first extracted with 2 ml of ethyl ether 
in borosilicate glass tubes. All tubes were vortexed for 30 min at room temperature and 
the water-soluble fraction was separated in a methanol/dry ice bath. The liquid fraction 
was transferred to a new tube and dried at 37°C. Dried extracts were reconstituted with 
200 μl of assay buffer (0.1 M PBS with 0.1% gelatin and 0.3% sodium azide, pH 7.0), 
vortexed for 5 min and equilibrated overnight at 4°C. Tubes were vortexed again for 5 
min at room temperature and 2 x 50 μl aliquots of each sample were assayed according to 
the manufacturer’s instructions. All samples were processed in the same assay. For more 
accurate determination, additional points (0.1, 0.5 and 2.0 ng/ml) were added to the 
standard curve by diluting calibrators provided with the kit using the “0” calibrator. 
Serial dilutions (n = 4) of rooster plasma with chicken steroid-stripped plasma 
resulted in a curve parallel to the testosterone standard curve. The recovery efficiency of 
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testosterone from spiked rooster plasma was 95-125% (n = 5). The intra-assay coefficient 
of variation was 5.2%. The antiserum used in the kit was highly specific for testosterone. 
As reported by the manufacturer, crossreactivity with 5α-dihydrotestosterone was below 
3.5% and crossreactivity with other androgens was below 0.5%. 
2.6 Statistical analyses 
Due to technical problems that occurred during tissue processing, the actual 
number of replicates per treatment was as follows: CON, n = 4; M-FN, n = 5; M-FC, n = 
4; M-FT, n = 5; M-M, n = 6. Data were analyzed and plotted using software JMP®7.0 
(SAS Institute Inc., NC) and Statistica 7.1 (StatSoft, Inc., Tulsa, OK). The homogeneity 
of variances was first validated using the Bartlett test. When variances failed to meet 
homogeneity criteria, the data were appropriately transformed. Typically, cell count data 
required a square root transformation. One-way ANOVA was used to test the treatment 
effect on plasma testosterone concentration. In analyses of FOS-ir cell counts, no 
significant differences between bilateral cell counts were found and data from each side 
were averaged. Subsequently, data from two successive sections through TnA, BSTM1, 
BSTM2, PVN, VLT, and NCPa were first averaged to normalize the sampling error and 
then subjected to one-way ANOVA analyses. In the POM, the effect of rostro-caudal 
level was additionally considered. Three-way ANOVA was applied to cell count data 
from the SL to evaluate the main effects of group, rostro-caudal level, ROI and their 
interactions. The main effect of treatment on area size and optical density of FOS 
immunostaining in all locations was analyzed using one-way ANOVA, except for SL 
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where the effects of treatment, ROI and the rostro-caudal level were tested. Individual 
cell measurements were considered as within-subject subsamples and the error was 
further corrected by attributing it as a random effect in a corresponding ANOVA. When 
the main or interaction effects proved to be significant, Tukey’s HSD posthoc tests were 
applied to assess the differences among group means. The two-sample Kolmogorov-
Smirnov test was used to examine differences in FOS-ir cell size distribution among 
treatment groups [25]. 
Frequency and latency of behavioral displays were natural log-transformed (1 
was added if a value equaled zero) and ANOVAs were used to compare behavioral 
differences among male-female interaction groups. Pearson’s correlations were analyzed 
between testosterone levels and FOS-ir cell measurements or behavioral indexed in male-
female and male-male encounters. 
All data were expressed as means ± SEM and differences were considered 
significant when p < 0.05. 
3. Results 
3.1 Behavior 
There were a few differences in behavior of males encountering either a live 
female (M-FC) or a taxidermy female (M-FT). Males displayed comparable amounts of 
waltzing (M-FC, 14.3 ± 2.4; M-FT, 9.2 ± 4.4) and mounting attempts (M-FC, 1.3 ± 0.6; 
M-FT, 1.8 ± 0.5). A taxidermy female model was seemingly a greater releaser of 
consummatory behavior because males in the M-FT group displayed less tidbitting (a 
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courtship display; M-FC, 52.3 ± 7.7; M-FT, 10.0 ± 6.6; p = 0.014), more tailbending (a 
reliable indicator of copulation; M-FC, 1.8 ± 0.5; M-FT, 4.2 ± 0.7; p = 0.029) and 
showed a tendency for an increase in mounting (M-FC, 1.8 ± 0.6; M-FT, 4.8 ± 1.2; p = 
0.069) than males in the M-FC group. Compared to males having full access to a live 
female (M-FC), males encountering a live female without contact (M-FN) displayed 
more waltzing (M-FC, 14.3 ± 2.4; M-FN, 26.8 ± 3.2, p = 0.016) but tended to show less 
tidbitting (M-FC, 52.3 ± 7.7; M-FN, 28.4 ± 6.2, p = 0.069). In general, males interacting 
with a live female displayed courtship behavior over the whole observation period, while 
courtship activity of males encountering a taxidermy female decreased after 8-10 minutes 
of an encounter. All males that participated in inter-male interactions displayed at least 
some amount of aggressive and defensive behavior. 
3.2 Plasma testosterone 
Testosterone levels did not differ among all treatments after behavioral 
treatments, F(4, 17) = 1.263, p = 0.323 (CON: 2.39 ± 1.06; M-FC: 5.23 ± 3.04; M-FN: 
5.42 ± 1.80; M-FT: 4.58 ± 1.32; M-M: 3.38 ± 0.86; all concentrations are given in ng/ml). 
Testosterone levels in all social interaction groups did not significantly correlate with the 
number of FOS-ir cells in any examined brain location or with frequencies of analyzed 
behavioral acts and displays (data not shown). 
3.3 Analyses of FOS in different brain regions 
As expected, round-shaped FOS immunolabeling was limited to cell nuclei and 
the amount of labeled cells across the subpallium and hypothalamus was plentiful even in 
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the control group. Encounters with a female or another male resulted in an overall 
increase in the number of FOS-ir cells within most of investigated areas; however, the 
magnitude of the increase differed among treatments and anatomical locations. 
Medial preoptic nucleus (POM). Very few FOS-ir cells were found in the POM, 
regardless of treatment group (Fig 3A and 3E). Because there was no difference in FOS-
ir cell counts among all three analyzed rostro-caudal levels of the POM, F(2, 64) = 0.944, 
p = 0.394, the data from all levels of POM of each animal were pooled. Significant 
treatment effects were observed in the analyses of cell counts, F(4, 64) = 19.839, p < 
0.001, ( Fig 3B), cell area F(4, 64) = 9.331, p < 0.001 (Fig 3C) and cell optical density 
(OD), F(4, 64) = 9.452, p < 0.001, (Fig 3D). Social interactions increased the number of 
FOS-ir cells in the POM of all males except those from the non-contact male-female 
interaction group (M-FN, Fig 3B). Males in the M-FN group, that displayed only 
appetitive sexual behavior, had fewer FOS-ir cells than males in the M-FC group 
showing both appetitive and consummatory sexual behavior (M-FC, p = 0.033). 
Compared to the control group,  all social interactions, except of the M-FT group, 
resulted in a reduction of FOS-ir cell area (p < 0.05, Fig 3C) and an increase in density of 
immunostaining (p < 0.05, Fig 3D).  
Nucleus taeniae of the amygdala (TnA). Abundant FOS-ir cells were found 
across the whole structure of the TnA (Fig 4A) but their staining was typically less 
intense than in other examined brain regions. No treatment effect was revealed for the 
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FOS-ir count, area or optical density analyses [cell count: F(4, 18) = 0.675, p = 0.618, 
Fig 4B; cell area: F(4, 18) = 0.795, p = 0.544; cell OD: F(4, 18) = 0.176, p = 0.948]. 
Medial portion of the bed nucleus of the stria terminalis (BSTM, sub-nuclei 1 
and 2). Round and darkly stained FOS-ir cells conspicuously depicted the outlines of the 
two sub-nuclei of BSTM: BSTM1 and BSTM2 (Fig 5A and 6A). In the BSTM1, analysis 
revealed no significant treatment effect regarding FOS-ir cell counts, F(4, 19) = 1.296, p 
= 0.307 (Fig 5B), area, F(4, 19) = 0.510, p = 0.729 or OD, F(4, 19) = 1.449, p = 0.257. 
In the BSTM2, a significant treatment effect on cell counts was found, F(4, 19) 
= 5.022, p = 0.006 (Fig 6B). As shown in Fig 6B and 6E, male-female interactions 
considerably augmented the expression of FOS, regardless of whether the male copulated 
with a live female (M-FC, p = 0.016) or no copulation occurred (M-FN, p = 0.007). In 
contrast, male-male interactions did not significantly change the number of FOS-ir cells 
(Figs 6B and 6E). Different treatments did not change the area and optical density of 
FOS-ir cell [area, F(4, 19) = 0.862, p = 0.505; OD, F(4, 19) = 2.587, p = 0.070 (Figs 6C 
and D). 
Lateral septum (SL). FOS-ir cells were widely spread within the septal region. 
The portion of the SL adjacent to the edge of the lateral ventricle was more populated 
with FOS-ir cells than the medial portions (Fig 1D). As shown in Fig 7A, the number of 
FOS-ir cells in all groups gradually increased along the rostro-caudal extension of SL, 
F(4, 164) = 25.576, p < 0.001, (Fig 7A). In addition, more FOS-ir cells were revealed in 
dorsal ROI (frame 2, 465.91 ± 25.26 per mm2) than ventral ROI (frame 1, 382.23 ± 20.93 
 70 
per mm2, p< 0.001).Three-way ANOVA revealed highly significant interaction of 
treatment x rostro-caudal plane, F(12, 164) = 2.544, p = 0.004), on FOS-ir cell counts 
(Fig 7A). Significant treatment effects on FOS-ir counts were found at the first three 
planes of SL [CA, F(4,43) = 12.437, p < 0.001; CA + 160 μm, F(4,43) = 8.0914, p < 
0.001; CA + 320 μm, F(4,43) = 8.035, p < 0.001)]. As shown in Fig 7A, all social 
interactions, except non-contact interactions with a female (group M-FN) increased the 
number of FOS-ir cells in the first three planes of SL. At the most caudal plane of SL 
investigated (the plane CA + 480 μm), the amount of FOS-ir cells did not differ among 
all treatments, F(4,43) = 0.956, p = 0.441). A significant treatment effect on FOS-ir area 
measurement was also obtained, F(4,89) = 18.193, p < 0.001 (Fig 7B). Compared to the 
control group, social interactions with the opposite- or same-sex partner increased FOS-ir 
cell size in all groups except the M-FN group. Regardless of treatment, the area of 
individual FOS-ir cells enlarged from the plane of CA to the plane of CA + 320 µm 
(27.07 ± 0.74 µm2 vs 30.05 ± 0.77 µm2, p < 0.001) and FOS-ir cells were larger in the 
ventral SL than in the dorsal SL (frame 1, 30.32 ± 0.78 µm2 vs frame 2, 26.80 ± 0.70 
µm2, p < 0.001). There was a significant treatment effect on optical density of FOS-ir 
staining, F(4,79) = 3.227, p = 0.016 (Fig 7C). Compared to control males, only males 
encountering a taxidermy female (M-FT) had darker FOS staining (p = 0.049). The 
intensity of FOS-ir staining in individual cells was darker in the plane of CA than in the 
more posterior plane of CA + 320 µm [(0.65 ± 0.01)x10-3 vs (0.62 ± 0.01)x10-3, p = 
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0.017], and in the dorsal SL than the ventral SL [frame 1, (0.61 ± 0.01)x10-3 vs frame 2, 
(0.66 ± 0.01)x10-3, p = 0.001]. 
Paraventricular nucleus (PVN). In the PVN, FOS-ir cells formed a dense 
triangular cluster adjacent to the third ventricle and surrounded by scattered ir cells (Fig 
8A). Unlike other brain regions investigated, FOS-ir cell nuclei in the PVN differed 
clearly in size and seemed to form two distinct populations - small- and large-sized 
nuclei, suggesting the potential activation of parvocellular and magnocellular neurons 
(Fig 8F). A significant effect of treatment on FOS-ir cell counts was found, F(4,19) = 
42.523, p < 0.001 (Fig 8B). Compared to the very low expression of FOS-ir in the PVN 
of males in control and M-FN groups, contact social encounters induced a several-fold 
increase in the number of FOS-expressing cells (p < 0.01). A much higher increase in 
FOS-ir cell number was revealed following same sex interactions than following opposite 
sex interaction (p < 0.05, Fig 8B). Overall treatment effect showed a tendency to impact 
the size of FOS-ir cells, F(4,19) = 2.390, p = 0.087 (Fig 8C). Population distribution 
analysis revealed variable patterns of immunoreactive cell size distributions with 
different levels of right skewness (Fig 8E). A series of two-sample Kolmogorov-Smirnov 
tests showed that sizes of FOS-ir cells in the control and M-FN groups had the similar 
distribution pattern, while distributions in other treatments groups were significantly 
different from the control group (p < 0.05). Compared to control males, larger FOS-ir 
cells were noted in males from M-FT and M-M groups (M-FT, p = 0.022; M-M, p = 
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0.033). Optical density of FOS immunostaining did not differ significantly among all 
treatment groups, F(4,19) = 0.644, p = 0.638 (Fig 8D). 
Ventrolateral thalamus (VLT). In all investigated males the VLT was distinctly 
outlined by darkly stained FOS-ir cells, which contrasted with the relatively rare 
occurrence of FOS-ir cells in the adjacent ventral lateral geniculate nucleus (GLv, Fig 
9A). There was a significant treatment effect on FOS-ir cell counts, F(4,18) = 7.110, p = 
0.001 (Fig 9B). Compared to control males, encounters with another male (M-M) or a 
taxidermy female (M-FT) markedly increased the number of FOS-ir cells (p < 0.05). 
There was a strong tendency of a treatment effect on FOS-ir cell size, F(4,18) = 2.910, p 
= 0.051 (Fig 9C). A significant treatment effect on the optical density was observed, 
F(4,18) = 3.190, p = 0.038 (Fig 9D), however, pairwise comparisons using very 
conservative Tukey’s HSD test did not reveal any significant between-group differences. 
Bed nucleus of pallial commissure (NCPa). A compact population of intensely 
stained FOS-ir cells was found in the NCPa, clearly delineating the shape of the nucleus 
(Fig 10A). A highly significant treatment effect was obtained in FOS-ir count analysis, 
F(4,19) = 10.791, p < 0.001 (Figs 10B and 10E). All social encounters, regardless of 
whether it was a sexual or an agonistic event, considerably increased FOS expression in 
the NCPa (p < 0.05, Fig 10B). A significant treatment effect on FOS-ir cell area was also 
revealed, F(4,19) = 6.651, p = 0.002 (Fig 10C). As shown in Fig 10C, male-male 
interaction resulted in an increase of FOS-ir cell area compared to control males (p = 
0.002). A treatment effect was also observed on optical density of FOS-ir cells, F(4,19) = 
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4.044, p = 0.015 (Fig 10D). Males encountering a taxidermy female (M-FT) had darker 
FOS-ir staining than control birds (CON, p = 0.021). 
4. Discussion 
The massive induction of FOS-ir observed in selected subpallial and 
hypothalamic regions of male chickens following either sexual or agonistic behavior is 
consistent with results reported for several species of birds and mammals [10,26-28]. The 
major findings of this study are as follows: 1) sexual and agonistic encounters induced 
partially overlapping patterns of FOS expression in the medial preoptic and septo-
hypothalamic regions; 2) induction of FOS in the ventromedial subdivision of medial bed 
nucleus of the stria terminalis (BSTM2) was specifically associated with appetitive 
mating behavior; 3) opposite- and same-sex interactions resulted in differential FOS 
expression in the PVN and SL; 4) no changes in FOS expression following sexual or 
agonistic encounters were observed in the nucleus taeniae of the amygdala (TnA) and the 
dorsolateral BSTM (BSTM1). 
4.1 FOS expression associated with sexual and agonistic behavior 
Male sexual behavior is traditionally divided into two components - appetitive 
and consummatory [29]. In order to examine the impact of appetitive behavior on FOS 
induction, one group of males in this study encountered a female placed in a transparent 
box that prevented physical contact between sexes. Each tested male was successfully 
motivated to court the isolated female and was considered displaying only appetitive 
components of sexual behavior. On the other hand, the changes of FOS expression in 
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males that had full access to a taxidermy female model or to a live female (groups M-FT 
and M-FC) and performed a complete sequence of sexual behavior including copulation, 
were considered as a combined effect of appetitive and consummatory aspects of sexual 
behavior. The induction of FOS-ir was attributed to consummatory copulation only when 
an increase in FOS-ir cell number exceeded significantly the number of FOS-ir cells in a 
corresponding brain area of males that displayed merely appetitive courtship behavior 
(group M-FN). Based on these assumptions, it was concluded that induction of FOS 
expression in the BSTM2 and NCPa occurred following appetitive behavior while an 
increase of FOS expression in the POM, PVN and SL was associated with completion of 
consummatory copulation. Specific patterns of FOS induction in examined brain regions 
are discussed below.  
Medial preoptic nucleus (POM). A prominent increase of FOS-ir cell number 
was found in the POM of males that copulated with a live female and in males that 
interacted with another male. It confirmed previous observations regarding a key role of 
the POM in controlling male copulatory behavior in many vertebrate species [30,31], and 
also extended the function of POM to the regulation of male aggression. Several previous 
studies revealed differential FOS expression in the avian rostral and caudal POM 
following appetitive (courtship) or consummatory (copulation) sexual behavior [32,33]. 
The caudal POM in quail sends sexually dimorphic descending projections to the 
midbrain periaqueductal gray (PAG) forming a pathway controlling male copulatory 
reflexes [34]. It could explain the induction of FOS expression in the caudal POM 
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following copulation observed in the present study. In contrast to the well documented 
function of POM in sexual behavior, the role of this structure in agonistic behavior of 
avian males received less attention [35,36]. An induction of IEGs in the POM after male-
male interactions was observed in songbirds during the breeding season [10,22]. The last 
data support our observations showing an increase in FOS expression in the POM 
following intermale interactions and suggest that the POM may play a more complex role 
in social encounters than just controlling consummatory copulation. 
Medial portion of the bed nucleus of the stria terminalis (BSTM) and nucleus 
taeniae of the amygdala (TnA). In birds, the TnA and BSTM are parts of the avian 
extended medial amygdala homologuous to the extended medial amygdala of mammals 
[37,38]. For the first time, this study examined behavior-associated neuronal activation in 
two portions of the BSTM, BSTM1 and BSTM2, and only cells in the BSTM2 were 
found to increase FOS expression following male-female interactions, especially 
appetitive sexual behavior. Because similar induction of FOS was observed in the M-FN 
group of males that displayed only appetitive behavior and in the M-FC group of males 
that performed both appetitive and consummatory copulation, we concluded that it was 
likely appetitive sexual behavior that stimulated FOS expression in the BSTM2. Previous 
studies in male quail demonstrated an induction of IEG expression in the whole BSTM 
only following copulation [12,33,39]. 
We did not observe any changes in FOS expression in the TnA in all three 
groups of males that interacted with females. Similarly, no changes in FOS expression 
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associated with copulation have been found in the TnA of male Japanese quail [33], 
although increased FOS expression has been reported in the medial amygdala of hamsters 
and rats following copulatory behavior [27,28]. It should be noted that most mammalian 
species use chemosensory cues during sociosexual encounters whereas birds depend 
mainly on visual and auditory signals. The reduced importance of olfactory cues in avian 
sexual behavior may also account for the lack of observed changes. 
It is intriguing that none of the two subdivisions of the BSTM or the TnA 
showed significant changes in FOS expression following agonistic behavior. Increased 
expression of ZENK was observed at the commissural level of BSTM in male song 
sparrows following territorial defense [10]. Activation of the BSTM was also reported in 
male golden hamsters and prairie voles that confronted a conspecific intruder [40-42]. 
Importantly, all studies that reported aggression-related induction of immediate early 
genes in the BSTM implicated various models of territorial defense while in our study 
both males interacted in the test arena that was unfamiliar to both partners. Therefore it is 
possible that the differences in behavioral paradigms could account for observed lack of 
changes in FOS expression in BSTM following male-male interactions. The avian BSTM 
comprises cells with heterogeneous subpallial origin [43]. It is likely that only specific 
subpopulations of cells. It is likely that only specific subpopulations of cells within the 
BSTM are activated during agonistic encounters. 
Lateral septum (SL). In the lateral septum, FOS expression was induced by both 
copulation and male agonistic behavior in the first three out of four investigated rostro-
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caudal planes (CA to CA + 320 µm). Two planes showed clear behavior-related 
differences in FOS expression. At the plane CA + 160 μm, males encountering another 
male had a maximal increase in FOS-ir cell number whereas males encountering a live 
female showed a maximal increase in FOS-ir cells at the level CA + 320 μm. The 
differences in number of FOS-ir cells between same and opposite sex-interacting males 
became less obvious as more posterior SL levels were quantified until these differences 
disappeared completely at the most caudal SL level examined (Fig 7A). This spatial 
asynchrony in FOS induction suggests that two different neuronal systems within the SL 
are likely involved in the regulation of two different behaviors – agonistic and sexual 
behaviors, respectively. The role of SL in agonistic encounters has been previously 
documented in songbirds [44-47]. The portion of chicken SL showing increased FOS 
expression after agonistic behavior corresponded seemingly to the posterior aspects of the 
ventral zones of the caudal lateral septum (LSc.v and LSc.vl) where increased IEG 
expression following territorial aggression was observed in songbirds [10,22]. 
Periventricular nucleus (PVN). Prominent induction of FOS expression was 
found in the PVN following copulatory behavior and even more FOS-ir cells were found 
after male agonistic behavior. The PVN is a part of the neural pathway controlling attack 
in mammals [48,49]. Similarly, the avian PVN receives afferent projections from the 
lateral hypothalamus and mesencephalon [50]. Increased FOS expression in the PVN 
following aggressive intermale encounters has been shown in songbirds as well as in the 
Syrian hamster [10,22,51]. The PVN contains major populations of corticotropin-
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releasing hormone and vasotocin neurons that form the superior level of the classical 
hypothalamic-pituitary-adrenal (HPA) axis regulating stress responses, including 
response to social stress. Dual immunolabeling studies, however, are needed to 
demonstrate whether these peptidergic neurons co-express FOS following agonistic 
interactions. The role of the PVN in male sexual behavior is poorly documented in birds. 
Bilateral lesions of the posterior PVN abolish the testosterone-associated facilitation of 
copulatory behavior in male chicks [52]. The avian PVN receives afferents from the 
mesolimbic reward system in the ventral tegmental area [50]. It is therefore plausible that 
massive induction of FOS-ir in the PVN of males following copulation can be associated 
with rewarding components of sexual behavior [53]. 
It is well documented that the PVN contains two populations of neurons with 
different cell sizes – magnocellular and parvocellular neurons. We assumed that cell 
nuclei of these two groups of neurons would also be different in size and this difference 
could be revealed by plotting the distribution of nuclear sizes and using statistical tests to 
compare the patterns of these distributions. Control males and males from the three 
sexual interaction groups (M-FN, M-FC and M-FT) had asymmetric right-skewed 
distribution patterns. Population distribution analysis showed that sizes of FOS-ir cells in 
the control and M-FN groups had statistically similar distributions whereas the 
distributions of ir cells sizes in the PVN of males having full access to either a live or 
taxidermy female (groups M-FC and M-FT) were significantly different from the control 
group. The male-male interaction group showed a more symmetrical distribution pattern, 
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however, the median size of nuclei was significantly larger than that of controls. The shift 
to larger cell nuclei in groups displaying sexual and agonistic behavior suggests that in 
addition to the expected activation of parvocellular neurons, magnocellular neurons in the 
PVN may also be recruited in these types of social interactions. This idea, however, 
needs direct verification by phenotyping FOS-ir neurons in the avian PVN. It is intriguing 
that Newman (1999) did not include the PVN in her proposed social behavior network 
although in her earlier study both sexual and aggressive behavior induced a similar 
activations in the PVN of male hamsters [28]. Based upon the current study as well as 
upon available functional data [42,54-56], we suggest that the PVN has to be considered 
in the context of the social behavior network as an important regulator of the autonomic 
component of social responses and as a modulator of behavioral states. 
Ventrolateral thalamic nucleus (VLT). In the VLT, male-female interactions 
induced a significant increase of FOS-ir cell counts in males that encountered a 
taxidermy female or another male and the increase just missed significance in males 
encountering live females. The function of avian VLT remains largely unknown and very 
few links have been established between the VLT and avian social behaviors. Previously 
a study in male quails showed an increase in number of FOS-ir cells following appetitive 
or consummatory sexual behavior [33]. In pigeons, the VLT receives projections from the 
POM [57]. Reciprocal connections between the VLT and optic tectum and visual wulst 
have been demonstrated [58], suggesting that the VLT is a part of the avian thalamofugal 
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visual system, through which it may be integrated into the avian brain social behavior 
network. 
Bed nucleus of pallial commissure (NCPa). The function of the NCPa in avian 
behavioral regulation remains unknown. Both appetitive sexual behavior and agonistic 
behavior resulted in a three-fold increase of FOS-ir in the NCPa providing the first 
evidence that the NCPa in birds is involved in male social behavior. The NCPa and 
adjacent areas is a major source of gonadotropin-releasing hormone-1 (GnRH-1) neurons 
[59,60] and hence it is important for the production for sex hormones and reproduction. 
The NCPa is innervated by massive neural terminals containing various neuropeptides 
and neurotransmitters known as potent behavioral regulators, including vasoactive 
intestinal polypeptide (VIP) [61], neuropeptide Y (NPY) [61], galanin [62], corticotropin-
releasing hormone (CRH) [63], and serotonin (J. Xie, unpublished data). The avian NCPa 
receives projections from the pallial amygdala [64], the nucleus tractus solitarius and 
vagal nucleus [65] and maintains reciprocal connections with the SL [66,67], suggesting 
an association with the limbic and autonomic nervous systems. Our data along with 
available hodological and neurochemical findings indicate the involvement of the avian 
NCPa in the social behavior network. 
4.2 Is the taxidermy model a good standard stimulus for male sexual behavior? 
This study confirmed that the carefully made taxidermy model could be a 
reliable behavioral releaser. Both a taxidermy female model and a live female induced a 
similar behavioral response and FOS expression in most investigated brain sites of male. 
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Contrary to expectations, no considerable reduction in behavioral variability among 
individual animals was noted in the group of males exposed to a taxidermy female 
compared to live females. Interestingly, in some brain regions where higher FOS 
expression was found in males that copulated (M-FC) with a female compared to males 
that interacted with an isolated female (M-FN), no significant difference of FOS 
expression was revealed between males that encountered a taxidermy female (M-FT) and 
males from the M-FN group. The taxidermy model elicited strong mating activity of 
males in the very beginning of the testing period but in the second half of each behavioral 
test males stopped displaying sexual behavior, while males interacting with a live female 
showed courtship activity throughout the complete observation period. It is likely that 
lack of feedback from a taxidermy female consequently changed the male response 
resulting in less prominent activation of some neural groups when compared to males that 
copulated with a live female. 
4.3 FOS induction and neuronal plasticity 
Social interactions resulted in increased nuclear sizes of FOS-ir cell in the SL, 
PVN and NCPa. In the SL, the size of FOS-ir nuclei increased in males that copulated 
with females and males subjected to another male. In the PVN and NCPa, nuclear sizes 
increased as a result of intermale interaction. Although caution is needed when 
interpreting morphometric data in terms of possible functions, there is enough compelling 
evidence to associate the increase in the size of FOS-ir nuclei with cell transcriptional 
activation (for review see [68]). In contrast, FOS-ir cells in the POM responded to 
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opposite- and same-sex interactions with a significant reduction of their nuclear sizes and 
an increase in immunoreactive staining intensity in all treatment groups compared to 
control males. Similar rapid shrinkage of FOS-ir cell nuclei accompanied by chromatin 
condensation and a decrease in transcription rate was found in the supraoptic nucleus of 
rats following acute osmotic stress [69]. It is therefore likely that FOS induction in 
neurons within the POM could be associated with their transcriptional inhibition. As 
stated in Section 3 of the Discussion, another interpretation may have merit. Specifically, 
in males interacting with a taxidermy female or in males encountering another male, the 
mean nuclear sizes of FOS-ir cells in the PVN were significantly larger. Populational 
analysis of nuclear size distributions revealed however that this increase was probably 
due to the activation of larger proportions of neurons with bigger cell nuclei suggesting 
involvement of heterogeneous neuronal subpopulations – magno- and parvocellular. 
Collectively, the present findings indicate that at the brain level, social interactions are 
associated with region- and context-specific neuronal plasticity that includes modulation 
of cell metabolic rate and activation of different subpopulations of cells. 
5. Conclusions 
This study demonstrated that in male chickens sexual and agonistic behaviors 
are associated with differential patterns of neural activation in subpallial and 
hypothalamic structures. Appetitive sexual behavior specifically activated the BSTM2 in 
chickens. In PVN and SL, sexual and agonistic interactions induced distinct FOS 
expression patterns. In addition to general properties of the social behavior network that 
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are conserved among vertebrates, a few avian-specific features of the network have been 
noticed: 1) social encounters did not activate the nucleus taeniae of the amygdala, a 
suggested avian homologue of the anterior portion of the medial amygdaloid nucleus, and 
2) the NCPa appears to be an important avian brain structure whose functions are 
associated with social behavior. Finally, the PVN and NCPa, and the POM and VLT 
showed concerted changes in FOS expression patterns between the two structures of each 
pair, suggesting functional interrelationships in the regulation of social behavior. Further 
identification of neurochemical phenotypes of FOS-expressing cells within the nodes of 
the social behavior network will shed light on whether different social encounters activate 
the same neurons within a specific structure or different neural subgroups are activated 
depending upon social contexts. 
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Table 1 Sexual and agonistic displays used to quantify behavior of males 
Sexual behavior 
Courtship behavior 
Waltzing the male half-circles around the female with the outer side wing 
directed toward the ground 
Tidbitting the male repeatedly pecks and/or scratches at the ground (litter) 
Copulatory behavior 
Mounting 
attempt 
the male puts one foot on the back of the female but does not proceed 
with full mounting 
Mounting the male places both feet on the back of a crouching female  
Tailbending 
the male depresses and repeatedly bends his tail downwards while 
standing on the female’s back, apparently achieving cloacal contact; 
this normally indicates a successful copulation. 
Agonistic behavior 
Offensive behavior 
Waltzing 
the male half-circles around the male opponent with the outer side 
wing directed toward the ground; this display resembles courtship 
waltzing addressed to a female 
Threatening the male stands in front of another male with its neck and head raised, 
hackle feather ruffled and wings slightly extended 
Chasing the male runs after the other male 
Pecking the male pecks the opponent’s body or head  
Chest-fighting males jump toward each other and collide in the air with their chests 
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(chest bumps) 
Leaping the male jumps toward his opponent while the opponent flees 
Defensive behavior 
Avoidance the male prevents the occurrence of the attack from the other male by 
running or walking away 
Hiding in the corne the male lays on the ground facing the corner with his head lowered 
as a result of being defeated in the encounter 
Other behaviors  
Crowing the male stretches up its neck and vocalizes loudly 
Wing flapping the male flaps its wings vigorously 
Scratching the litte while standing, the male scratches the litter or ground with one foot at 
a time. 
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Table 2 Quantification of FOS-immunoreactive cells in examined brain structures 
Structure Stereotaxic plane ROI size, μm General description 
POM A8.6-A8.2 438 X 334 The section at the rostral edge of the anterior commissure (A8.2) and two 
preceding anterior sections spaced by 160 µm were quantified.  
TnA A7.6 869 X 662 The narrow side of the ROI was aligned with the ventromedial edge of the 
telencephalon while the top corner of the ROI was slightly beneath the 
occipitomesencephalic tract.  
BSTM1 A7.6 869 X 662 The longer side of the ROI was placed slightly above the level where the 
occipitomesencephalic tract OM bends down.  
BSTM2 A7.6 869 X 662 The longer side of the ROI was parallel to and slightly away from the opening 
of the third ventricle. 
SL A8.2-A7.6 ROI 1 (ventral): 
432 X 662 
ROI 2 (dorsal): 
869 X 662 
FOS-ir cells were quantified at 4 different rosto-caudal levels beginning from 
the rostral edge of the anterior commissure (A8.2) followed by 3 successive 
sections 160 μm apart. At each level, ROI 1 was aligned with the bottom of the 
lateral ventricle (VL) and the ascending edge of the lateral ventricle. ROI 2 was 
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placed immediately above ROI 1 and was aligned with upper edge of the VL. 
To exclude a part of the ROI 2 above the lateral ventricle from analysis, a free-
hand line was drawn along the edge of the lateral septum to limit the ROI 2 to 
septal tissue. 
PVN A7.4 869 X 662 The ROI was in middle of the PVN. 
VLT A7.8 438 X 334 The longer side of the ROI was aligned with the dorsal edge of the nucleus 
geniculatus lateralis pars ventralis. 
NCPa A7.6 438 X 334 The ROI was placed inside the cup-like structure formed by the pallial 
commissure.  
POM – medial preoptic nucleus, TnA – nucleus taenia of the amygdale, BSTM1 and BSTM2 – medial portion of the bed nucleus of 
stria terminalis, dorsolateral (1) and ventromedial (2) subnuclei; SL – lateral septum; PVN – paraventricular hypothalamic nucleus; 
VLT – ventrolateral thalamic nucleus; NCPa – bed nucleus of the pallial commissure (nucleus of the hippocampal commissure [24]. 
Anterio-posterior stereotaxic coordinates are provided in reference to the chicken brain atlas by Kuenzel and Mason [16].  
ROI – region of interest
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Figure legends 
Figure1 
Fig 1. Schematic diagrams of the chicken brain and images of coronal sections through 
the preoptic and septo-hypothalamic regions showing details of the rectangular areas 
where FOS-immunoreactive (FOS-ir) cells were quantified. A. Schematic diagrams of 
modified coronal plates A 8.4 to A 7.4 from the published chick brain atlas by Kuenzel 
and Masson [16] with superimposed regions of interest (ROI) used in FOS-ir cell 
counting. B. Photomicrograph showing the medial preoptic nucleus (POM) with 
immunohistochemically labeled aromatase cells at the level of the anterior commissure 
(CA). Aromatase was used as a marker to delineate the POM (dotted line). C. 
Photomicrograph showing position of ROIs used to count FOS-ir cells in two 
subdivisions of the medial portion of the bed nucleus of stria terminalis (BSTM) – 
dorsolateral (BSTM1) and ventromedial (BSTM2). D. Photomicrograph of FOS-ir cells 
in the lateral septum (SL) showing the position of ROIs (frames 1 and 2) used to quantify 
the number of FOS–ir cells at different rostro-caudal levels of the SL. BSTM, medial 
portion of the bed nucleus of stria terminalis; CA, anterior commissure; CO, optic 
chiasma; GLv, ventral portion of the lateral geniculate nucleus; Hp, hippocampus; N, 
nidopallium; NCPa, bed nucleus of pallial commissure (nucleus of the hippocampal 
commissure); OM, occipitomesencephalic tract; POM, medial preoptic nucleus; PVN, 
paraventricular nucleus; SL, lateral septum; TnA, nucleus taeniae of the amygdala; VL, 
lateral ventricle; VLT, ventrolateral thalamic nucleus; III, third ventricle. 
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Figure 2 
Fig 2. Validation of computer-assisted cell counts by comparing them to manual counts. 
Cell counts were obtained in the same regions of interest (ROI) by direct manual 
counting and by using semi-automatic counting executed under the Image-Pro® Plus 
software. A total of 25 ROIs was selected randomly in the lateral septum (SL, solid 
circles, n=13), the medial portion of the bed nucleus of stria terminalis (BSTM, triangles, 
n=7) and the paraventricular nucleus (PVN, squares, n=5). Results show a highly 
significant correlation between manual and semi-automatic cell counts. 
 
Figure 3 
Fig 3. FOS expression in the medial preoptic nucleus (POM) of male chickens following 
a 20-minute interaction with a female or a male. FOS-ir cells were quantified in three 
sections at three different rostro-caudal planes of the POM. Because no significant 
differences among the planes were found, data from all three sections were pooled. A. 
Representative photomicrograph illustrating FOS expression in the POM at the level of 
anterior commissure (scale bar, 250 μm). FOS-ir cell counts (B), area size of individual 
FOS-ir cells (C), and optical density (OD) of FOS immunostaining (D) in the POM 
following different treatments. E. Representative photomicrographs from each treatment 
group showing FOS expression in the POM at the level of the rostral aspect of the 
anterior commissure (scale bar, 100 μm). Bottom right image (X40) shows FOS-ir 
staining at high magnification (scale bar, 25 μm). Treatment groups: CON, handling 
control (n = 4); M-FN, non-contact interaction with a female placed in a transparent 
chamber (n = 5); M-FT, contact interaction with a taxidermy mount of an adult female (n 
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= 5); M-FC, contact interaction with a female (n = 4); M-M, intermale interactions (n = 
6). All data are expressed as non-transformed means ± SEM. Different letters above bar 
graphs indicate significant group differences (p < 0.05). 
 
Figure 4 
Fig 4. FOS expression in the nucleus taeniae of the amygdala (TnA) of male chickens 
following a 20-minute interaction with a female or a male A. Representative 
photomicrograph illustrating FOS expression in the TnA at low and high (insert) 
magnifications. Scale bar, 250 μm. FOS-ir cell counts (B) in the TnA following different 
treatments. All data are expressed as non-transformed means ± SEM. For complete 
designation of treatment groups see legend of Fig 3. OM, occipitomesencephalic tract.  
 
Figure 5 
Fig 5. FOS expression in the dorsolateral subdivision of medial portion of the bed 
nucleus of stria terminalis (BSTM1) of male chickens following a 20-minute interaction 
with a female or a male. A. Representative photomicrograph illustrating FOS expression 
in the BSTM1 at low and high (insert) magnifications. Scale bar, 250 μm. FOS-ir cell 
counts (B) in the BSTM1 following different treatments. All data are expressed as non-
transformed means ± SEM. For complete designation of treatment groups see legend of 
Fig 3. OM, occipitomesencephalic tract. 
 
Figure 6 
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Fig t. FOS expression in the ventromedial subdivision of medial part of the bed nucleus 
of stria terminalis (BSTM2) of male chickens following a 20-minute interaction with a 
female or a male. A. Representative photomicrograph illustrating FOS expression in the 
BSTM2 (scale bar, 250 μm). FOS-ir cell counts (B), area size of individual FOS-ir cells 
(C), and optical density (OD) of FOS immunostaining (D) in the BSTM2 following 
different treatments. E. Representative photomicrographs from each treatment group 
showing FOS expression in the BSTM2 (scale bar, 100 μm). Bottom right image (X40) 
shows FOS-ir staining at high magnification (scale bar, 25 μm). All data are expressed as 
non-transformed means ± SEM. Different letters above bar graphs indicate significant 
group differences (p < 0.05). For complete designation of treatment groups see legend of 
Fig 3. OM, the occipitomesencephalic tract; III, the third ventricle. 
 
Figure 7 
Fig 7. FOS expression in the lateral septum (SL) of male chickens following a 20-minute 
interaction with a female or a male. A. FOS-ir cell counts in the SL in different treatment 
groups at each rostro-caudal coronal plane investigated (CA, CA+160 μm, CA+320 μm, 
CA+480 μm). The anterior commissure (CA) was used as a reference level. For each 
coronal plane, data from two counting fields (frame 1 and 2, Fig 1D) were pooled. B. The 
area size of individual FOS-ir cells in the SL following different treatments. C. The 
optical density (OD) of FOS immunostaining in the SL following different treatments. D. 
Representative photomicrographs from each group showing FOS expression in the SL at 
the level of CA+320 μm (scale bar, 100 μm). Bottom right image (X40) shows FOS-ir 
staining at high magnification (scale bar, 25 μm). NOTE: B and C represent pooled 
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results of measurements performed at the levels CA and CA+320 μm. All data are 
expressed as non-transformed means ± SEM. Different letters above bar graphs indicate 
significant group differences (p <0.05). For complete designation of treatment groups see 
legend of Fig 3. 
 
Figure 8 
Fig 8. FOS expression in the paraventricular nucleus (PVN) of male chickens following a 
20-minute interaction with a female or a male. A. Representative photomicrograph 
illustrating FOS expression in the PVN (scale bar, 250 μm). FOS-ir cell counts (B), area 
size of individual FOS-ir cells (C), and optical density (OD) of FOS immunostaining (D) 
in the PVN following different treatments. E. Distribution of FOS-ir cell sizes in each 
treatment group. Data are plotted as specific cell area sizes (X axis, with a 2.5 μm2 
increment) against their probabilities (Y axis). A smoothed distribution curve is fitted in 
each histogram. Different distribution patterns are revealed. F. Representative 
photomicrographs from each group showing FOS expression in the PVN (scale bar, 100 
μm). Bottom right image (X40) shows FOS-ir staining at high magnification (scale bar, 
25 μm). All data are expressed as non-transformed means ± SEM. Different letters above 
bar graphs indicate significant group differences (p < 0.05). For complete designation of 
treatment groups see legend of Fig 3. III, the third ventricle. 
 
Figure 9 
Fig 9. FOS expression in the ventrolateral thalamic nucleus (VLT) of male chickens 
following a 20-minute interaction with a female or a male. A. Representative 
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photomicrograph illustrating FOS expression in the VLT at low and high (insert) 
magnifications. Scale bar, 250 μm and 75 μm (insert). FOS-ir cell counts (B), area size of 
individual FOS-ir cells (C), and optical density (OD) of FOS immunostaining (D) in the 
VLT following different treatments. All data are expressed as non-transformed means ± 
SEM. Different letters above bar graphs indicate significant group differences (p <0.05). 
For complete designation of treatment groups see legend of Fig 3. CO, optic chiasma; 
GLv, the nucleus geniculatus lateralis pars ventralis. 
 
Figure 10 
Fig 10. FOS expression in the bed nucleus of pallial commissure (NCPa) of male 
chickens following a 20-minute interaction with a female or a male. A. Representative 
photomicrograph illustrating FOS expression in the NCPa (scale bar, 250 μm). FOS-ir 
cell counts (B), area size of individual FOS-ir cells (C), and optical density (OD) of FOS 
immunostaining (D) in the NCPa following different treatments. E. Representative 
photomicrographs from each group showing FOS expression in the NCPa after different 
treatments (scale bar, 100 μm). Bottom right image (X40) shows FOS-ir staining at high 
magnification (scale bar, 25 μm). All data are expressed as non-transformed means ± 
SEM. Different letters above bar graphs indicate significant group differences (p < 0.05). 
For complete designation of treatment groups see legend of Fig 3.  
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Abstract 
Some components of male sexual and agonistic behaviours are thought to be 
regulated by the same neurocircuitry in the medial preoptic nucleus (POM) and the 
medial portion of bed nucleus of the stria terminalis (BSTM). In order to better 
understand this neurocircuitry, numbers of neurones in the POM and BSTM containing 
aromatase (ARO) or arginine vasotocin (AVT) immunoreactivity (ir) with, or without 
immediate early gene protein FOS colocalisation, were compared in male chickens 
manipulated to express sexual or agonistic behaviours. Observations were made on males 
expressing appetitive (courtship) and consummatory (copulation), or only appetitive 
sexual behaviours, or expressing agonistic behaviour toward other males. Control males 
were placed on their own in the observation pen, or only handled. In the POM, appetitive 
sexual behaviour increased ARO+FOS colocalisation while agonistic behaviour 
decreased the number of visible ARO-ir cells. In the BSTM1, appetitive sexual behaviour 
also increased ARO+FOS colocalisation, but the numbers of visible ARO-ir and AVT-ir 
cells were not altered by sexual or agonistic behaviours. In the BSTM2, appetitive sexual 
behaviour increased ARO+FOS and AVT+FOS colocalisation, and all behaviours 
decreased the number of visible ARO-ir cells, particularly in males expressing 
consummatory sexual behaviour. Positive correlations were found between numbers of 
cells with ARO+FOS and AVT+FOS colocalisation in both subdivisions of the BSTM. 
Waltzing frequency was positively correlated with ARO+FOS colocalisation in the lateral 
POM, and in both subdivisions of the BSTM in males expressing sexual behaviour. 
Waltzing frequency in males expressing agonistic behaviour was negatively correlated 
with the total number of visible ARO-ir cells in the lateral POM and BSTM2. These 
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observations suggest a key role for ARO and AVT neurones in BSTM2 in the expression 
of appetitive sexual behaviour, and differential roles for ARO cells in the POM and 
BSTM in the regulation of components of sexual and agonistic behaviours. 
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INTRODUCTION 
The identification and characterisation of neuroendocrine networks regulating sexual and 
agonistic behaviours is a major challenge to neurobiologists. Neuroanatomical studies 
involving analyses of the expression of FOS protein and other inducible products of 
immediate early genes, have led to the view that sexual, agonistic and other forms of 
social behaviour are regulated by a common neuronal network in steroid-sensitive brain 
regions (1). Depending on social context, various patterns of neuronal activation in these 
regions are associated with specific behavioural outputs (1). We have recently 
demonstrated in male chickens that FOS expression is specifically induced in the 
ventromedial subnucleus of the medial portion of bed nucleus of the stria terminalis 
(BSTM2) by appetitive sexual behaviour, and in the medial preoptic nucleus (POM) by 
both agonistic and consummatory sexual behaviours (2). The phenotypes of those FOS-
expressing neurones have not been investigated, and it is possible that they contain 
arginine vasotocin (AVT) and/or aromatase (ARO) previously revealed in these regions.  
  The BSTM contains neurones projecting to the lateral septum (SL) and expressing 
arginine vasotocin (AVT) in birds and vasopressin in mammals in a sexually dimorphic 
manner (3). In males, these neurones play a role in the expression of social behaviours, 
including sexual behaviour, aggression, pair bond formation and social recognition (4,5). 
Further, in male song birds, affiliative behaviour is associated with the activation of AVT 
neurones in the BSTM (6). In addition to AVT, many neurones in the avian BSTM also 
contain aromatase (7), in some of which, ARO and AVT are colocalised (8). Brain 
aromatase is essential for both male sexual behaviour (reviewed by 9,10) and aggression 
in many species (11-13) due to its enzymatic activity to convert testosterone into 
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oestrogen. As shown in quail, aromatase activity in the POM is correlated with sexual 
behaviour and aggression (12,14,15) while as demonstrated in male zebra finches, 
increased FOS expression in neurones coexpressing AVT-ARO in the BSTM is 
associated with decreased aggression during competition for a mate after treatment with a 
dopamine receptor subtype 2 agonist (8). It therefore seems likely in male chickens that 
neurones in the BSTM producing AVT and ARO may also be involved in the expression 
of sexual and agonistic behaviours. 
The avian POM contains abundant ARO-ir cells (7) and in quail, ARO-ir cells in the 
caudal POM projects to the periaqueductal grey (16), which is known to play an 
important role in the motor control of consummatory sexual behaviour (17). Both 
consummatory and appetitive sexual behaviours induce FOS expression in the POM of 
male quail although consummatory sexual behaviour did not induce substantial FOS 
expression in ARO neurones in the POM (18). No information is available on changes in 
neural activity in the avian POM induced by agonistic behaviour. The avian POM shows 
anatomical and functional heterogeneity. Only neurones in the lateral portion of caudal 
POM tend to shown sexually dimorphic expression of ARO and significantly involved in 
male consummatory behaviour (19). The role of the medial portion of caudal POM in 
male sexual behaviour seems to be less obvious (19,20) and the function of this particular 
portion of POM remains unknown. Moreover, ARO-ir cells in the POM are heavily 
innervated by neural terminals containing AVT/AVP and dopamine (21-23). Those 
neuromodulators stimulate the biosynthesis of steroids in the brain by regulating 
expression of genes encoding steroidogenic enzymes (23,24), and in this way may 
potentially contribute to the modulation of social behaviours.  
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In order to better understand the neurocircuitry involved in the expression of sexual 
consummatory and appetitive behaviours and of agonistic behaviour, numbers of 
neurones in the POM and BSTM containing aromatase (ARO) or arginine vasotocin 
(AVT) immunoreactivity with, or without immediate early gene protein (FOS) 
colocalisation were compared in male chickens manipulated to express sexual or 
agonistic behaviours. Particular attention was given to the ventromedial and dorsolateral 
subdivisions of the BSTM. 
MATERIALS AND METHODS 
Animals 
Meat-type chickens Gallus gallus were raised in same-sex groups in floor pens and 
at 20 weeks of age males were transferred to individual battery cages. Room temperature 
was maintained at 21°C and the photoperiod was 16 hours light and 8 hours dark, with 
lights on at 5 AM with a light intensity of 20-40 lx. Birds were fed a restricted 
commercial diet as recommended by a poultry management guide. Water was available 
ad libitum. All males and females used in the study were sexually experienced. The 
copulatory behaviour of each male was tested twice on different days in a pen housing a 
group of 8 females, and mating activity was observed for 20 minutes. Only males 
copulating at least once during a 20-minute observation period were used in the study. 
All procedures and experimental protocols involving animals were approved by the 
University of Arkansas Institutional Animal Care and Use Committee. 
Experimental design 
A total of 27 males were randomly assigned to one of the following treatments: non-
contact male-female interaction (M-FN, n=6), contact male-female interaction (M-FC, 
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n=6), contact male-male interaction (M-M, n=6), open field control (OF, n=5) or 
handling control (HC, n=4). In all treatments except the handling control, males were 
placed for 20 minutes in an observation pen of 1.75 x 1.84 m where they encountered 
either a female confined to a transparent chamber (0.43 x 0.43 x 0.74 m) in the middle of 
a test arena (M-FN group), a freely moving female (M-FC group) or a male (M-M 
group), or solely an empty pen (OF group). Restricting a male’s physical access to a 
female in the M-FN group made it possible to assess the contribution of appetitive 
components of sexual behaviour to neuronal activation in the brain regions of interest. 
Males in the M-FC group were allowed to copulate and used to assess the contribution of 
consummatory sexual behaviour on neuronal activation. Males in the M-M group were 
used to assess the effects of expression of agonistic behaviours on neuronal activation. 
After completion of each test, males were returned to their home cages for 60 minutes 
before being terminally anaesthetised for brain sampling. Males serving as handling 
controls were taken out of their home cages, brought to the observation room without 
entering it and then returned to their cages. All behavioural tests were conducted between 
1 and 5 PM and the behaviour of each male during the test was video-recorded using a 
colour video camera (WV-CP480, Panasonic, Secaucus, NJ) controlled by The Observer 
XT 7.0 software (Noldus IT Inc., Leesburg, VA). Sexual and agonistic behavioural 
displays were scored from digital video records and frequencies and latencies of these 
displays were computed as described in a previous study (2). Appetitive sexual 
behaviours recorded were waltzing and tidbitting, and consummatory behaviours were 
mounting attempt, mounting and tailbending. Males agonistic behaviours recorded were 
waltzing, threatening, chasing, confronting, and chest fighting, and defensive behaviours 
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recoded were avoidance and hiding-in-a-corner. A full description of these behavioural 
displays can be found in our previous paper (2).   
Brain sampling 
Sixty minutes after completion of behavioural observations, each male was 
terminally anaesthetised with sodium pentobarbital solution (40 mg/kg, i.v.). Brains were 
perfused via the carotid arteries with 200 ml of heparinized phosphate buffered saline 
(PBS, 0.1 M with 0.1% sodium nitrite, pH 7.4) followed by 400 ml of Zamboni’s fixative 
(pH 7.4). The blocked brains were postfixed overnight at 4ºC, cryoprotected in 30% 
sucrose in 0.1 M PB until they sank, frozen on dry ice and stored at –80°C. Serial 40 μm-
thick frozen sections were cut coronally between anterior-posterior stereotaxic planes 
A8.6 and A7.6 of Kuenzel and Masson chicken brain atlas (25) using a cryostat (Leica 
CM 3050S, Leica Microsystems, Frisco, TX). The sections were divided into 2 parallel 
sets and stored in cryoprotective solution at -20°C until processed for 
immunohistochemistry. 
Dual labelling immunohistochemistry (IHC) 
Every other section from the first section set was immunolabelled for aromatase and 
FOS protein (ARO+FOS) while every other section in the second set was 
immunolabelled for AVT and FOS (AVT+FOS). Sections selected for IHC were matched 
among all animals using major anatomical structures. For ARO+FOS dual labelling, 12 
sections spanning the preoptic area (stereotaxic plane A 8.2) to the posterior lateral 
septum (SL, corresponding to coronal plane A7.6) were divided into two subsets using 
the anterior commissure (CA) as a divider. Each subset contained 6 sections per animal, 
and sections from the same subset of all animals were processed in a single assay. For 
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AVT+FOS dual-labeling, 6 sections between the CA and the posterior lateral septum 
from all animals were processed in the same assay. 
Dual-labeling IHC was performed using sequential visualisation of FOS and then 
ARO or AVT. Free-floating brain sections were rinsed in 0.02 M PBS and treated with 
0.6% hydrogen peroxide for 30 min. After rinsing in PBS, sections were permeabilized 
with 0.4% Triton X-100 and incubated in 5% normal goat serum for 30 min to reduce 
non-specific binding followed by the incubation for 35-40 hours at 4°C in the primary 
rabbit polyclonal anti-FOS antibody (1:3,000, sc-253, Lot E1606, Santa Cruz 
Biotechnology, Santa Cruz, CA). Sections were then incubated for 90 min with 
biotinylated goat anti-rabbit antibody (1:500, Vector Laboratories, Burlingame, CA) 
followed by the 90 min-incubation with Vectastain Elite ABC-peroxidase complex (1:5, 
Vector Laboratories, Burlingame, CA). FOS immunoreactivity was visualised using 
chromogenic diaminobenzidine-nickel complex developed in the presence of glucose 
oxidase. After completion of the FOS immunolabelling, sections were thoroughly rinsed 
with PBS, and incubated with either the polyclonal rabbit anti-chicken aromatase 
antibody  diluted 1:8,000 or the rabbit anti-AVT antibody diluted 1:10,000 (a gift of Dr. 
David A. Gray), followed by incubation with biotinylated goat anti-rabbit antibody and 
ABC-peroxidase solution as described above. ARO or AVT immunoreactivities were 
visualised using diaminobenzidine. Finally, sections were rinsed, mounted on glass 
slides, air-dried and coverslipped using Histomount (National Diagnostic, Atlanta, GA).  
In addition, dual IHC was used to investigate the colocalisation of ARO and AVT in 
the POM and BSTM. After several rinses in PBS and treatment with 5% normal donkey 
serum for 30 min, brain sections were incubated for 35-40 hours with a cocktail of 
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primary antibodies containing rabbit polyclonal anti-aromatase antibody (1:8,000) and 
guinea pig polyclonal anti-arginine vasopressin antibody (1:8,000, T-5048, Lot A03607, 
Peninsula Laboratories, LLC, San Carlos, CA). Sections were then incubated with a 
cocktail of donkey anti-rabbit antibody conjugated with fluorescein (1:500) and donkey 
anti-guinea pig antibody conjugated with Texas Red (1:500, both from Jackson 
ImmunoResearch Laboratories Inc., West Grove, PA). Secondary antibodies were of 
multiple-labeling grade and, as stated by the manufacturer, were solid-phase adsorbed to 
minimize cross-reactivity to IgGs from multiple species. After thorough washes in PBS, 
sections were mounted on glass slides and coverslipped using VECTASHIELD® 
mounting medium (Vector Laboratories). Sections were imaged using a Leica TCS SP2 
confocal laser scanning microscope equipped with an acousto-optical beam splitter (Leica 
Microsystems). Fluorophores were excited with 488 nm argon and 594 nm helium-neon 
lasers. The specificity of all primary antibodies has been previously validated (2,26-28). 
Additionally, a possibility of the crosstalk between the two primary antibodies in each 
dual assay was tested by replacing one or the other primary antibody with non-immune 
rabbit IgG. 
Image analysis 
The ARO- or AVT- and FOS-immunoreactive cells were quantified in the POM and 
in the dorsolateral and ventromedial subdivisions of BSTM designated as BSTM1 and 
BSTM2 (29). Sections were examined with an Axioplan II Imaging microscope (Carl 
Zeiss, New York) and all quantifications were conducted using a 40X objective. 
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POM 
ARO- and FOS-immunoreactive cells were counted bilaterally in the caudal POM at 
the level of the anterior commissure in plane A8.2 of chicken brain atlas (25). A grid of 
2x4 0.1 mm2 squares was superimposed on the POM (Fig 1C). The vertical edge of the 
grid was set parallel to the wall of the third ventricle, while the upper horizontal edge of 
the grid was placed at the dorsal boundary of the POM as demarcated by aromatase 
immunolabeling (Fig. 1A, C). The number of ARO-ir cells with clearly visible profiles 
and ARO- and FOS-ir dual-labelled cells were quantified in each square of the grid and 
the percentage of ARO-ir cells co-expressing FOS (ARO+FOS-ir cells/ ARO-ir cells) 
was calculated for each square. 
BSTM 
ARO- and AVT-ir cells in addition to cells dual-labeled for ARO+FOS and 
AVT+FOS cells were counted in the BSTM1 and BSTM2 separately. Immunoreactive 
cells in the BSTM1 were counted about 240 μm posterior to the caudal aspect of the 
anterior commissure (CA) in plane A7.4 and immunoreactive cells in the BSTM2 were 
counted about 120 μm posterior to the caudal aspect of CA in plane A7.6 of the chicken 
brain atlas (Fig. 1B). The numbers of ARO- and AVT-ir cells and of ARO+FOS and 
AVT+FOS dual-labeled cells were counted bilaterally and the percentages of ARO-ir or 
AVT-ir cells co-expressing FOS were calculated for each subnucleus of BSTM. 
Statistical analysis 
The numbers of replicates in each treatment group was as follows: HC, n = 4; OF, n 
= 4; M-FN, n = 5; M-FC, n = 4; M-M, n = 6. Data were analysed and plotted using 
Statistica 7.1 software (StatSoft, Inc., Tulsa, OK). The homogeneity of variance for each 
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data set was first validated using the Bartlett test. Transformations of data were applied 
when variances failed to meet the criteria of homogeneity. The cells counts for single 
labeled cells were transformed using square root transformation, while arcsine 
transformation was used for dual-labeled cells. When a data point value equalled zero, 1 
(root-transformed data) or 0.001 (arcsine-transformed data) was added to all values. 
Bilateral counts were averaged because no significant effect of brain lateralization was 
found. One-way analyses of variances (ANOVAs) were used to test the treatment effect 
on the number of ARO- and AVT-ir cells and the colocalisation of ARO+FOS and 
AVT+FOS in the BSTM. In the POM, the main effects of behavioural treatment and 
measurement square on the number of ARO-ir cells and ARO+FOS colocalisation were 
determined (two-way ANOVA). Fisher protected least significant difference (PLSD) 
posthoc tests were applied to assess differences among all group means when treatment 
effects were found significant. Student t-test was used to compare ARO-ir and 
ARO+FOS colocalisation in the lateral and medial portions of the POM. 
Behavioural data were presented as the ratio (percentage) of the frequency of a 
particular behaviour to the sum of frequencies of all behaviours expressed during the 
social interaction test. Pearson’s correlation was used to analyse the relationship among 
the frequency of behavioural displays during sexual or agonistic encounters, ARO- and 
AVT-ir cell counts and ARO+FOS and AVT+FOS colocalisation.  
All data were expressed as means ± SEM and differences were considered 
significant when P < 0.05. 
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RESULTS 
  Male sexual and agonistic behaviours  
Males with unrestricted access to a females (M-FC group) showed appetitive sexual 
behaviours including approaching (2.66±0.67%), waltzing (6.72±0.88%) and tidbitting 
(24.65±3.06%), culminating in consummatory sexual behaviour (copulation) at least once 
per observation period. Most copulation occurred within the first 5 minutes of each 
behavioural test period. Males encountering a female placed in a transparent box in the 
middle of the observation pen (M-FN group) displayed more frequent appetitive sexual 
behaviours including approaching (10.77±2.31%, P = 0.022) and waltzing (9.90±0.92%, 
P = 0.042) but less tidbitting (11.25±2.85%, P = 0.016). Males that encountered another 
male (M-M group) showed frequent agonistic displays, such as waltzing, threatening, 
chest fights, leaping, avoidance and escaping. Males confronted each other immediately 
after they were placed together in the observation pen and this confrontation lasted until 
one of the males escaped by hiding the head in the corner of the pen in an attempt to stop 
the opponent’s aggression.  
  Changes in aromatase cells associated with sexual and agonistic behaviours 
Changes were observed in the number of visible ARO-ir cells and in the 
colocalisation of aromatase with FOS in the POM and BSTM after expression of sexual 
and agonistic behaviours. 
  POM 
Abundant ARO-ir cell bodies and terminals were observed in the caudal POM where 
they formed oval-shaped masses of neurones and neurites below the CA on both sides of 
the third ventricle (Fig 2A). Scattered FOS-ir cells were seen in the area containing ARO-
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ir cells although very few ARO-ir cells contained FOS immunoreactivity (1-3 
colocalisations per square, Fig 2B). 
The measurement squares used to divided the POM and the treatment had significant 
effects on the total number of ARO-ir cells (treatment, F4,164 = 2.454, P = 0.048; square, 
F7,164 = 3.984, P = 0.001), ARO+FOS co-expressing cells (treatment, F4,164 = 5.266, P < 
0.001; square, F7,164 = 8.232, P < 0.001) and the relative amount of ARO+FOS co-
expressing cells (treatment, F4,164 = 5.980, P < 0.001; square, F7,164 = 7.182, P < 0.001). 
As shown in Table 1, inter-male agonistic behaviours (group M-M) resulted in a 
significant decrease of the ARO-ir cell number in the POM compared to the handling 
(HC) and open field (OF) control groups. In contrast, appetitive and consummatory 
sexual interactions with females did not affect the total number of ARO-ir cells in the 
POM when compared to control groups (P < 0.01). Appetitive sexual behaviour during 
non-contact interaction with a female (M-FN) resulted in more ARO+FOS co-expressing 
neurones than in control males exposed to the open field (OF), or in males expressing 
consummatory sexual behaviour as a result of full access to a female (M-FC), or in males 
expressing agonistic behaviour (M-M, P < 0.05, Table 1). A similar pattern was observed 
in the percentage of ARO+FOS co-expressing cells after different social interactions 
(Table 1). Measurement squares G1, G2 and G3 always showed higher ARO-ir and 
ARO+FOS coexpressing cells than other squares (P < 0.05). When combining cell counts 
in squares in the columns dividing the POM into the medial and lateral components 
(squares G1-G4 versus G5-G8, Fig. 1C), more ARO-ir cells and cells with ARO+FOS 
colocalisation were found in the lateral than in the medial part of the POM (P < 0.01). 
There was no effect of interaction between behavioural treatment and the subdivision of 
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POM (lateral or medial) on the total number of ARO-ir cells (F4,34 = 0.080, P = 0.988), or 
ARO+FOS co-expressing cells (F4,34 = 1.562, P = 0.207) or the percentage of ARO+FOS 
co-expressing cells (F4,34 = 0.737, P = 0.573). 
 BSTM 
The BSTM1 contained ARO-ir cells clustered between the lateral septal region and 
the occipitomesencephalic tract (OM, Fig 3A). There was a significant effect of 
behavioural treatment group on the percentage of ARO+FOS colocalisation in the 
BSTM1 (F4,17 = 4.978, P = 0.008), although there was no effect on the total numbers of 
ARO-ir (F4,17 = 1.481, P = 0.271) or ARO+FOS cells (F4,17 = 1.773, P = 0.181, Table 1). 
Expression of appetitive sexual behaviour (group M-FN) resulted in a significantly higher 
percentage of ARO+FOS cells in the BSTM1 than in control males from the handling 
(HC) or open-field (OF) groups, or in males expressing agonistic behaviour (group M-M, 
P < 0.05, Table 1). Interestingly, expression of consummatory sexual behaviour (group 
M-FC) did not change the percentage of ARO+FOS colocalisation in the BSTM1 
compared with any other treatment group (Table 1). 
In the ventromedial subnucleus of the BSTM (BSTM2), ARO-ir cells formed an 
elongated group (Fig 3A). There were significant effects of behavioural treatment group 
on the total number of ARO-ir neurones in the BSTM2 (F4,17 = 10.050, P < 0.001) and on 
the total number (F4,17 = 3.981, P = 0.019) and percentage of ARO+FOS co-expressing 
cells (F4,17 = 3.164, P = 0.041, Table 1). A decrease in the number of visible ARO-ir cells 
in the BSTM2 was seen in all social interaction groups (M-FN, M-FC, M-M; P < 0.05, 
Table 1). Males expressing consummatory sexual behaviour (group M-FC) had less 
visible ARO-ir and ARO+FOS neurones in the BSTM2 than males expressing appetitive 
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sexual behaviour (group M-FN, P = 0.008). Males from the M-FC group also had less 
visible ARO-ir cells than those in the M-M group (P = 0.004). A comparison of all 
behavioural treatment groups showed that in the BSTM2 expression of appetitive sexual 
behaviour (group M-FN) resulted in the highest percentage ARO+FOS co-expressing 
cells (P < 0.05, Table 1). 
  Changes in arginine vasotocin cells associated with sexual and agonistic behaviours 
The distribution of AVT-ir cells in both subnuclei of the BSTM overlapped that of 
ARO-ir cells, although AVT-ir neurones were less numerous (Fig 3A and D, BSTM1: 
AVT-ir 95.2 ± 3.7 VS ARO-ir 249.1 ± 14.5; BSTM2: AVT-ir 47.9 ± 3.5 VS ARO-ir 
127.0 ± 6.7). In the BSTM1, there were no significant treatment effects on the total 
number of AVT-ir (F4,18 = 0.438, P = 0.780) or of AVT+FOS cells (F4,18 = 1.544, P = 
0.232), or on the percentage AVT+FOS co-expressing cells (F4,18 = 1.978, P = 0.141; 
Table 2). 
In the BSTM2, there was a significant treatment effect on the percentage of 
AVT+FOS co-expressing cells (F4,18 = 3.926, P = 0.018). The total number of AVT+FOS 
co-expressing cells showed a strong though not significant tendency to differ among 
different treatments (F4,18 = 2.671, P = 0.066). There was no treatment group effect on 
the total number of AVT-ir cells (F4,18 = 0.912, P = 0.478). Among all social interaction 
groups, only males from the M-FN group had a significantly higher percentage of 
AVT+FOS colocalisation than males from control groups (P < 0.05). Expression of 
appetitive or appetitive and consummatory sexual behaviours (groups M-FN and M-FC) 
resulted in a greater percentage of AVT+FOS colocalisation than expression of agonistic 
behaviour (M-M, P < 0.05). 
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In the BSTM1, cells with AVT+FOS and ARO+FOS colocalisation were positively 
correlated (cell counts, r = 0.621, P = 0.002; percentage, r = 0.630, P = 0.002). In the 
BSTM2, more modest but significant correlations were also found between cells with 
AVT+FOS and ARO+FOS colocalisation (cell counts, r = 0.499, P = 0.021; percentage, r 
= 0.564, P = 0.008). A negative correlation was observed between numbers of visible 
ARO-ir cells and percentage of cells with AVT+FOS colocalisation in the BSTM2 (r = -
0.434; P = 0.049). 
  Colocalisation of aromatase and arginine vasotocin in the POM and BSTM 
Dual immunolabeling of ARO and AVT revealed 3 different types of spatial 
organization of two systems in the POM and BSTM: 1) colocalisation within the same 
neurones or neurites, 2) co-distribution of both immunoreactivities in the same area 
without intracellular colocalisation and 3) exclusive presence of one immunoreactivity. In 
the POM, a clear segregation of ARO- and AVT-ir elements was observed (Fig. 4A). In 
the narrow area separating the third ventricle from the POM (the periventricular nucleus), 
only magnocellular AVT neurones were found. The medial portion of the POM contained 
abundant ARO-ir neurones and very few scattered AVT-ir terminals. In the lateral 
portion of the POM, multiple ARO-ir neurons overlapped with the plexus of AVT-ir 
fibres. No AVT-ir perikarya were observed within POM. In the BSTM1 and 2, many 
parvocellular neurones co-expressed ARO and AVT (Fig. 4B-F). Quantification of 
ARO+AVT colocalisation in BSTM perikarya of different treatment groups was 
impossible due to insufficient number of sections remaining after ARO+FOS and 
AVT+FOS analyses.  
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Correlations between behavioural frequency and ARO- and AVT-ir cells 
Appetitive sexual behaviour, as measured by waltzing frequency, in group M-FN 
positively correlated with numbers and percentage of cells with ARO+FOS colocalisation 
in the lateral POM (Fig 5A, B) and with the percentage of ARO cells with ARO+FOS 
colocalisation in the BSTM1 (Fig 5C). Positive correlations were also found between 
waltzing frequency and the total count of ARO-ir cell (Fig 5D), cells with ARO+FOS 
colocalisation (Fig 5E) and numbers of AVT-ir cell counts in the BSTM2 (r = 0.747, P = 
0.021, figure not shown). 
Agonistic behaviour between males as measured by waltzing frequency (group M-
M) negatively correlated with numbers of ARO-ir cells in the lateral POM (Fig 5F). The 
frequency of threatening behaviour positively correlated with the total number (Fig 5G) 
and percentage of cells with ARO+FOS colocalisation (r = 0.936, P = 0.006, figure not 
shown) in the medial POM. In the BSTM1, a strong negative correlation was found 
between the chasing frequency and numbers of visible ARO-ir cells (Fig 5H). A negative 
correlation was observed in the BSTM1 between the total number of cells co-expressing 
AVT+FOS and the frequency of threatening (r = -0.917, P = 0.010, figure not shown), 
while the frequency of avoidance behaviour was positively correlated to the percentage of 
cells with of AVT+FOS colocalisation (r = 0.832, P = 0.040, figure not shown). In the 
BSTM2, the frequency of agonistic waltzing negatively correlated with numbers of 
visible ARO-ir cells (Fig 5I), but positively correlated with the number (Fig 5J) and 
percentage of cells with (r = 0.912; P = 0.011, figure not shown) of ARO+FOS 
colocalisation. The percentage of cells coexpressing AVT+FOS in the BSTM2 positively 
correlated with threatening frequency (r = 0.883, P = 0.041, figure not shown). 
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DISCUSSION 
The present study shows that male appetitive sexual behaviour significantly 
increases the colocalisation of aromatase and FOS in the POM and BSTM1 and 2 and of 
AVT and FOS in the BSTM2. Strong positive correlations were observed between 
waltzing frequency and   numbers of cells co-expressing ARO+FOS and AVT+FOS in 
those regions. These observations confirms our earlier finding that appetitive sexual 
behaviour in the male chicken induces FOS expression in the BSTM2 (2) and extends it 
by showing that FOS induction occurs in ARO-ir and AVT-ir cells.  
Arginine vasotocin in the BSTM2 and male appetitive sexual behaviour 
The two sub-nuclei of the BSTM (BSTM1 and 2) have been investigated as a single 
structure in many avian studies (8,30,31). Each of the sub-nuclei, however, is 
heterogeneous in cellular origin and hereby has potentially different functions in 
regulating male social behaviour. Neurodevelopmental studies have shown that cells in 
the BSTM1 of chickens mainly originate from the anterior peduncular area, while the 
BSTM2 contains a mixture of cells derived from the anterior peduncular area and the 
basal and commissural preoptic area (32,33). According to the expression pattern of 
developmental neuronal markers, the avian BSTM2 resembles the posteromedial and 
posterolateral BSTM of rodents (33). In rodent males the posterior BSTM is involved in 
chemosensory investigation of a sexual partner (34,35) and is linked to the brain 
motivational circuit (35). It is likely the avian BSTM2 is also involved in motivational 
aspects of male sexual behaviour. Different patterns of FOS induction in the avian 
BSTM1 and BSTM2 after various social behaviours were shown in our previous study. 
Males restricted to displaying the appetitive component of sexual behaviour had 
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significantly increased FOS expression only in the BSTM2, while no induction of FOS 
expression in the BSTM1 was found following either opposite-sex or same-sex 
interactions (2). The observation that increased FOS expression in the BSTM2, 
associated with the expression of appetitive sexual behaviour, occurs in AVT-ir neurones 
suggests a role for AVT in this behaviour in birds as has been reported in fish (36,37), 
amphibians (38) and reptiles (39). In males expressing consummatory sexual behaviour, 
the number of cells with AVT+FOS colocalisation in the BSTM2 did not differ from 
males expressing appetitive sexual behaviour, but it was also not significantly different 
from control groups (Table 2). It is likely that males in non-contact (M-FN) and contact 
(M-FC) interaction groups experienced different levels of sexual excitation. Males which 
had full access to a female performed brief courtship behaviour followed by 
consummatory copulation. In contrast, males from the M-FN group were physically 
prevented from copulating, but expressed prolonged courtship behaviour including 
waltzing. The observation that waltzing frequency was positively correlated with the 
number of AVT-ir neurones in the BSTM2 supports the view that AVT-ir neurones in the 
BSTM2 play a role in regulating the motivational state during avian male courtship 
behaviour. 
Aromatase in the POM and BSTM, and male sexual and agonistic behaviours 
Aromatase cells in the POM and BSTM responded differently to sexual and agonistic 
encounters and overall the percentage of these cells showing responses, as assessed by 
FOS induction, was much greater in the BSTM than in the POM (1.3-4.2% versus 25.0 to 
60.5 %, Table 1). In the POM, expression of appetitive sexual behaviour (M-FN) 
increased the total number and percentage of ARO+FOS co-expressing cells, but did not 
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change the total number of ARO-ir cells. In a previous study in quail (18), as in the 
present study, consummatory sexual behaviour was not associated with increased 
ARO+FOS colocalisation in the POM, which indicated that sexual stimuli may not 
directly affect oestrogen-synthesizing cells. In contrast to appetitive sexual behaviour, 
expression of agonistic behaviour decreased the number of visible ARO-ir cells in the 
POM but did not change the percentage of cells with ARO+FOS colocalisation. It 
therefore appears that ARO-ir neurones in the POM are involved in the expression of 
both appetitive sexual and agonistic behaviours, but in different ways. Since immediate 
early genes act as transcription factors to regulate expression of other genes (40), 
activation of c-fos gene transcription in ARO-ir cells in the POM, indicated by increased 
ARO+FOS colocalisation after the expression of appetitive sexual behaviour, suggests 
that expression of this behaviour induces changes in gene expression in the POM. In 
contrast, the decrease in the number of visible ARO-ir cells in the POM following 
agonistic behaviour could be associated with the depletion of aromatase as a consequence 
of enzyme utilization or translocation to neural terminals. In addition to its presence in 
the cell body, aromatase has also been found in small synaptic vesicles along the axonal 
or dendritic boutons (41,42). Therefore transportation of aromatase to terminals and 
release of the enzyme into the synaptic cleft may account for the local production of 
oestrogen allowing a rapid action of oestrogen on postsynaptic neurones (43). Such a fast 
response may be necessary for male aggression since all agonistic displays occur quickly 
during male-male interactions. The two distinct, possible neuronal responses of the same 
aromatase neurones in the POM could provide a mechanism via which they regulate 
components of both sexual and agonistic behaviours. In addition to the possibility that the 
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same ARO-ir neurones in the POM are involved in the regulation of sexual and 
aggressive behaviours, it is also likely that different regions of the POM are also 
involved. We found that waltzing, a component of appetitive sexual behaviour was 
positively correlated with ARO+FOS colocalisation in the lateral POM, while 
threatening, a component of agonistic behaviour, was positively correlated with 
ARO+FOS colocalisation in the medial POM, indicating a possible functional medial-
lateral separation of ARO-ir neurones in the POM. In quail, only the lateral POM was 
found to have sexually dimorphic distribution of ARO-ir cells and therefore has been 
proposed to be important for male consummatory sexual behaviour (19,20). Our data 
support that in part and also suggest that the medial POM is involved in the expression of 
agonistic behaviour. 
Compared with males expressing appetitive sexual behaviour, males expressing 
consummatory sexual behaviour had fewer visible ARO-ir cells and less cells with 
colocalised ARO+FOS in the BSTM2. Data suggest that expression of consummatory 
sexual behaviour is associated, at least in part, with a rapid utilization of aromatase to 
produce oestrogen and not with FOS-mediated genomic activation of aromatase cells. All 
males expressing consummatory sexual behaviour copulated within a few minutes or 
even seconds after the introduction to a female. This observation is consistent with the 
finding in quail that there is a significant decrease of aromatase activity in brain 
homogenates as soon as 5 minutes after exposure to a sexual partner (44). The rapid 
utilization of aromatase during copulation may reflect a rapid site-specific metabolism of 
testosterone to oestradiol resulting in a decrease of local testosterone concentrations 
(45,46). Lowered testosterone in turn decreases the density of androgen receptors and 
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leads to sexual satiety (46). This may be a mechanism to limit male copulation to a few 
times over a certain short period. In the situation when males were only visually exposed 
to a female, consummatory sexual satiety was not achieved since copulation was not 
possible. The smaller reduction of the total number of ARO-ir cells in the BSTM2 in 
birds showing appetitive sexual behaviour, but not allowed to copulate compared to 
males which copulated, may reflect differences in sexual satiety. 
Interactions between ARO and the AVT system 
The overlapping distribution and the positive correlation between the AVT+FOS 
and ARO+FOS colocalizations in the BSTM1 and BSTM2, as well as direct 
demonstration of ample ARO and AVT colocalisation within neurones in both 
subdivisions of the BSTM, suggest that a causal relationship exists between ARO and 
AVT expression at these locations. Since the promoter region of the AVT/AVP gene 
contains oestrogen response elements (47,48), changes in aromatase activity in the BSTM 
are predicted to regulate AVT gene expression by changing the rate of aromatization of 
testosterone to oestrogen. This prediction is supported by the observations showing that 
testosterone or androgen treatment changes AVT/AVT gene expression or peptide 
content in the BSTM in birds (49) and that aromatase-knockout transgenic mice have 
decreased numbers of AVP-ir neurones in the BSTM (50). Conversely it is also likely 
that the correlation between ARO+FOS and AVT+FOS colocalization is due, at least in 
part, to a direct action of AVT on aromatase expression and enzymatic activity (23,24).  
The ample AVT innervations of the lateral POM may be important for the sex-
related function of this region, especially in the light of fact that the AVT may regulate 
biosynthesis of neurosteroids (23,24). Since the lateral POM has been proposed to be 
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specifically related to male mating behaviour in another avian species (19,20), 
structural/functional segmentation of this nucleus may be a general phenomenon among 
birds. 
Conclusion 
 The design of the present study made it possible to differentiate among the effects 
of sexual appetitive, sexual consummatory and agonistic behaviour on aromatase- and 
arginine vasotocin-containing neurones in the POM and BSTM. The study provides 
additional evidence for a strong association between the BSTM2 and male appetitive 
sexual behaviour and demonstrates a role for both aromatase and arginine vasotocin in 
regulating this behaviour. Cells in the POM and the BSTM containing ARO-ir are 
differentially activated depending upon social context (male-male versus male-female 
interactions and appetitive versus consummatory sexual behaviour), suggesting that 
neuromodulatory effects of ARO were different in all social behaviours. 
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Table 1 Numbers of cells containing immunoreactive aromatase or aromatase and FOS in the medial preoptic nucleus (POM) and 
subdivisions of the bed nucleus of the stria terminalis (BSTM) in different treatment groups of male chickens. 
 Male POM1 BSTM11 BSTM21 
groups ARO2 ARO+FOS2 Percentage2 ARO ARO+FOS Percentage ARO ARO+FOS Percentage 
HC3 54.1±3.4a 1.5±0.4ab 2.9±0.8b 313.6±41.8 94.9 ±9.4 31.4±4.1b 168.5±5.5a 50.6±6.4ab 30.4±3.9b 
OF 50.6±4.6a 0.6±0.1c 1.3±0.3bc 270.2±32.3 72.7 ±34.7 25.7±10.2b 162.3±22.0a 51.5±27.1ab 29.7±7.4b 
M-FN 48.1±3.8ab 2.1±0.4a 4.2±0.7a 205.2±37.3 123.6±14.4 60.5±8.2a 124.1±10.4b 64.0±5.5a 52.4±4.2a 
M-FC 48.1±5.0ab 1.0±0.3bc 2.5±0.6bc 233.3±45.2 99.0±30.6 40.6±5.7ab 80.5±8.1c 25.6±3.5b 32.2±4.6b 
M-M 40.3±2.1b 0.8±0.2bc 1.6±0.5c 215.6±22.7 58.5 ±15.5 25.0±5.8b 128.0±7.8b 31.6±7.8b 26.5±7.7b 
 
1. POM, medial preoptic nucleus; BSTM1 and BSTM2, dorsolateral and ventromedial subnuclei of the medial portion of bed nucleus 
of the stria terminalis  
2. ARO, aromatase cells; ARO+FOS, ARO cells co-immunolabelled with FOS; percentage, percentage of ARO cells co-
immnunolabeled with FOS. 
3. HC, handling control, n = 4; OF, open field control, n = 4; M-FN, males interacting with a female separated in a transparent box and 
showing appetitive sexual behaviour, n = 5; M-FC, males interacting with an accessible female and showing consummatory sexual 
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behaviour, n = 4; M-M, males interacting with other males and showing agonistic behaviour, n = 6. All data are expressed as mean ± 
S.E.M. Different letter superscripts in each column indicate significant between-treatment differences (P < 0.05). 
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Table 2 Numbers of cells containing immunoreactive arginine vasotocin or arginine vasotocin and FOS in subdivisions of the bed 
nucleus of the stria terminalis (BSTM) in different treatment groups of male chickens. 
Male BSTM11 BSTM21 
groups AVT2 AVT+FOS2 Percentage2 AVT AVT+FOS Percentage 
HC3 101.3±7.0 29.6±8.6 28.4±6.9 48.6±5.9 15.8±2.8 32.2±3.1bc 
OF 102.0±8.6 26.4±8.8 25.3±6.7 57.4±14.0 18.1±8.2 29.4±7.1bc 
M-FN 100.7±7.1 47.5±5.5 46.4±3.3 58.1±6.3 27.6±2.0 49.2±4.8a 
M-FC 87.4±12.4 34.5±11.4 42.0±11.4 43.0±4.9 18.3±4.0 42.4±7.0ab 
M-M 94.2 ±8.9 25.3±5.1 27.7±5.7 41.5±7.9 10.7±2.4 25.9±3.6c 
1. BSTM1 and 2, dorsolateral and ventromedial subnuclei of the medial portion of bed nucleus of the stria terminalis 
2. AVT, arginine vasotocin cells; AVT+FOS, AVT cells immunolabelled with FOS; percentage, percentage of AVT cells 
immnuolabeled with FOS 
3. HC, handling control, n = 4; OF, open field control, n = 4; M-FN, males interacting with a female separated in a transparent box and 
showing appetitive sexual behaviour, n = 5; M-FC, males interacting with an accessible female and showing consummatory sexual 
behaviour, n = 4; M-M, males interacting with other males and showing agonistic behaviour, n = 6. All data are expressed as mean ± 
S.E.M. Different letter superscripts in each column indicate significant between-treatment differences (P < 0.05). 
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Figure legends 
Fig.1 Schematic diagrams of chicken brain sections and photomicrographs showing the 
medial preoptic nucleus (POM), and dorsolateral and ventromedial subdivisions of the 
medial portion of bed nucleus of the stria terminalis (BSTM1 and 2). Schematic diagrams 
of modified coronal plates A 8.2 (A) and plates A 7.6 (B) from a chick brain (25) with 
superimposed regions of interest (rectangular areas). C, Photomicrograph showing the 
medial preoptic nucleus (POM) at the level of the anterior commissure. The POM is 
identified by the presence of aromatase immunoreactivity and outlined with 
dotted/dashed lines. A 2x4 grid squares (0.1 mm2 each) was superimposed over the POM 
to assist counting of ARO-ir cells. D, Photomicrograph showing the two subnuclei of the 
BSTM, BSTM1 and 2 labeled with ARO-ir. CA, anterior commissure; CO, optic chiasm; 
GLv, ventral portion of the lateral geniculate nucleus; Hp, hippocampus; N, nidopallium; 
OM, occipitomesencephalic tract; POM, medial preoptic nucleus; PVN, paraventricular 
nucleus; SL, lateral septum; TnA, nucleus taeniae of the amygdala; VL, lateral ventricle; 
VLT, ventrolateral thalamic nucleus. 
 
Fig. 2 Photomicrographs showing dual aromatase and FOS immunolabeling in the medial 
preoptic nucleus (arrows) at low (A) and high (B, arrow) magnification. FOS labeling is 
restricted to cell nuclei (B, Arrow). Scale bars equal to 500 µm (A) and 25 µm (B). 
 
Fig. 3 Photomicrographs showing (A-C) aromatase and FOS (ARO+FOS), and (D-F) 
arginine vasotocin and FOS (AVT+FOS) dual immunolabeling in the medial portion of 
bed nucleus of the stria terminalis (BSTM). B, ARO+FOS colocalization in the 
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dorsolateral BSTM (BSTM1) and C, ventromedial BSTM (BSTM2). E-F, AVT+FOS 
colocalization in the BSTM1 (E) and the BSTM2 (F). Scale bars equal 500 µm in the 
upper panels (A, D) and 25 µm in the lower panels (B, C, E and F). OM, 
occipitomesencephalic tract; SL, lateral septum; VL, lateral ventricle; III, third ventricle. 
 
Figure 4. Confocal microscopy images showing immunoreactive aromatase (ARO, red) 
and arginine vasotocin (AVT, green) perikarya and fibers within the medial preoptic 
nucleus (POM) and the medial portion of bed nucleus of the stria terminalis (BSTM) of 
adult male chickens. A, ARO and AVT in the POM. Note that the lateral POM (POMl) 
comprises a majority of AVT fibres revealed in POM while the medial POM (POMm) is 
almost void of AVT cells or fibres. B-C, ARO and AVT cells in the dorsolateral BSTM 
(BSTM1, B) and ventromedial BSTM (BSTM2, C). D-F, High magnification of ARO 
(D), AVT (E) and an overlay image (F) of cells in the BSTM2. Images A-C represent 
maximum projections from confocal 30 µm-thick (A, C) and 39 µm-thick (B) image 
stacks. Images D-F are 1 µm-thick single confocal optical slices. OM, 
occipitomesencephalic tract; PVN, paraventricular nucleus; III, the third ventricle. Scale 
bars equal 300 µm (A), 100 µm (B,C) and 20 µm (D-F). 
 
Fig. 5 Correlations between appetitive sexual behaviour (A-E) or agonistic behaviours (F-
J) and numbers of aromatase (ARO) or percentage of ARO+FOS cells in (A,B,F) the 
lateral medial preoptic nucleus (lateral POM), (G) the medial POM, (C, H) the 
dorsolateral BSTM (BSTM1) and (D,E,I,J) the ventromedial BSTM (BSTM2). 
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ABSTRACT 
The natural mating system is a viable and economic way for breeding commercial 
and small flocks of avian species and widely used in domestic birds such as broiler 
breeders. Abnormal male-to-female aggression was reported in meat-type chickens that 
could contribute to decreased fertility. Neuropeptides arginine vasotocin (AVT) and 
galanin and the neurotransmitter serotonin (5-HT) have been reported to associate with 
male aggression and sexual behavior. Two groups of birds having the same genetic 
background were selected based upon their divergent display of aggressiveness toward 
females. Immunoreactivities of AVT, galanin, 5-HT and gonadotropin releasing hormone 
I (GnRH-I) were compared between aggressive and non-aggressive groups using 
immunocytochemistry. The aggressive group showed more threats and pecks than non-
aggressive males during selection, however, behavioral differences disappeared after 
cohabitating with the same group of females during the 8-week study. Although at 3 
weeks after cohabitation, higher levels of testosterone were found in non-aggressive 
males (P < 0.05) and no difference was shown after 5 weeks. More galanin-ir fibers in the 
lateral septum (SL) were found in aggressive males than non-aggressive males (P < 
0.05). Galanin cell counts in the medial portion of bed nucleus of the stria terminalis 
(BSTM) and fiber density in bed nucleus of the pallial commissure (NCPa) negatively 
correlated with threats and social grooming, respectively. Expression of AVT, 5-HT and 
GnRH-I did not differ between the two groups. In the lateral septum, AVT fiber density 
positively correlated with mounting attempts, while 5-HT fiber density negatively 
correlated with approaching. The release of galanin in the lateral septum may be related 
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to male-female aggression, while AVT in the rostral lateral septum is important for male 
sexual behavior. 
Keyword: medial bed nucleus of the stria terminalis, lateral septum, bed nucleus of the 
pallial commissure, fiber analysis, immunocytochemistry 
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1. Introduction 
Reproductive and agonistic behaviors are initiated by different drives (sexual 
desire VS competition for food, females, territory) and are seeking different goals (sexual 
intercourse VS winning competition and protecting resources). Displays and acts 
assoiciated with reproductive and agonistic behaviors are not always mutually exclusive 
and both behaviors share some common displays. Early researchers found that behavioral 
displays, like approaching, waltzing and wing flapping, are shown by males during both 
sexual and agonistic encounters (Wood-Gush, 1957;Wood-Gush, 1956;Wood-Gush, 
1954). Social behavior is still important in breeding of meat-type chickens because the 
natural mating system is widely used. It has been shown that social behaviors are 
generally decreased in farm animals as a result of domestication, (Wiren et al., 2009). In 
order to sustain sexual activity required for natural mating throughout a reproductive 
cycle, males in the breeding flocks have to establish dominance over females, which is 
achieved by expressing aggressive displays. The degree of aggressiveness, however, is 
critical since the incidence of male-to-female aggression was shown to increase over the 
past two decades, which negatively impacts fertility and could result in mortality of 
female broilers (Barbato, 1999;Millman et al., 2000;Millman and Duncan, 2000;Pollock, 
1999). It raises concerns for productivity of parental stock and their animal welfare. 
Restrict feeding management does not substantially increase aggression of male broiler 
breeders (Millman et al., 2000;Millman and Duncan, 2000). It has been shown that meat-
type male chickens are more aggressive toward females than egg-type males (Millman 
and Duncan, 2000). It is plausible that abnormal aggression in male broilers results from 
an imbalance of behavioral regulation at the level of the brain. 
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In adult male chickens, sex-specific brain expression of arginine vasotocin (AVT) 
occurs in the medial portion of bed nucleus of the stria terminalis (BSTM) that sends sex 
dimorphic vasotocinergic projections to the lateral septum (SL). The brain of female 
chicken is devoid of AVT at those sites (Jurkevich et al., 1997;Jurkevich et al., 2001). 
The male-typical expression of AVT is also found in many other mammalian and avian 
species, suggesting the importance of AVT in modulating male behaviors (reviewed by 
De Vries and Panzica, 2006). Most studies in non-mammalian vertebrates have shown the 
inhibitory effects of AVT on male aggression during territorial defense and mating 
competition (Backstrom and Winberg, 2009;Goodson, 1998a;Goodson et al., 
2009;Goodson, 1998b;Lema and Nevitt, 2004;Marler et al., 1995;Santangelo and Bass, 
2006;Semsar et al., 2001;Tito et al., 1999). Studies in zebra finches, however, showed 
that AVT facilitates aggression (Goodson et al., 2004b;Goodson and Adkins-Regan, 
1999;Kabelik et al., 2009). In sparrows, the expression of AVT in the BSTM and SL was 
higher in aggressive males than in less aggressive males (Maney et al., 2005). It is likely 
the behavioral effects depend on the social organization of the animal. Nonetheless AVT 
is a potent modulator for male aggression. In addition, galanin was found colocalized 
with AVT in the BSTM and SL and was sexually dimorphic (Klein et al., 2006). 
Although behavioral functions of galanin remain unknown in birds, galanin has been 
shown to regulate AVP release in the brain (Cisowska-Maciejewska and Ciosek, 
2005;Izdebska and Ciosek, 2010). In birds, galanin may regulate male aggression by 
modulating the release of AVT in the brain. Another contributor to aggression in broilers 
is the neurotransmitter serotonin. Dietary supplementation of tryptophan, the precursor of 
serotonin (5-HT), suppresses aggression in male broilers (Shea-Moore et al., 1996). 
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Besides its direct action, brain 5-HT may change AVT gene expression, antagonize AVP 
activity and thereby regulate male aggression (Ferris and Delville, 1994;Semsar et al., 
2004). To investigate the possible role of AVT, galanin and 5-HT in abnormal aggression 
in broilers, we hypothesized aggressive and less aggressive male broilers would display 
significantly different expression of AVT, galanin and 5-HT in the BSTM and SL.  
2. Materials and methods 
2.1 Animal management 
Male and female broiler chickens were obtained from a commercial breeder at the 
age 10 weeks and kept in floor pens in same-sex groups (8-10 bird/pen). Birds were feed-
restricted on a daily basis and were raised according to a commercial management guide 
for broiler breeders. Birds were weighted weekly and the amount of feed was adjusted to 
maintain them on the recommended growth curve. All procedures and experimental 
protocols involving animals were approved by the Institutional Animal Care and Use 
Committee (IACUC) at the University of Arkansas. 
Between 29 and 32 weeks of age, behavior of 31 males was scored twice in pens 
(1.75 X 1.84 m) housing 8 females/pen. Each male was placed individually in pen with 
females for 20 min and all events were continuously videorecorded. After the first round 
of observations, all females in observation pens were replaced and behavioral 
observations were repeated. Behavioral observations were conducted between 1 and 5 
PM. Behavior of males was scored from video playbacks and analyzed using the 
Observer XT 6.0 software (Noldus IT Inc., Leesburg, VA) with video playbacks. Brief 
descriptions of behavioral displays used in scoring are given in Table 1. Based upon 
behavioral scores, the 5 most aggressive and 5 least aggressive males (no aggressive 
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displays noted) were selected to form the aggressive (Aggr) and non-aggressive (Non-
aggr) groups, respectively.  
Each selected male was assigned to a floor pen housing 10 females, simulating the 
sex ratio used in commercial broiler breeding. During 8-week cohabitation with the same 
group of females, behavior of each male was observed three times for 30 min in their 
home pens. Behavior was scored using the Pocket Observed (Noldus IT Inc.) and data 
were analyzed. Blood samples were taken in males at 3 weeks, 5 weeks and 8 weeks after 
cohabitation. Plasma was collected and stored at -80 °C. 
2.2 Brain sample collection and immunohistochemistry (IHC) 
All males were terminally anesthetized and then perfused with Zamboni’s fixative 
following a standard procedure described previously (Xie et al., 2010a). Brains were 
post-fixed for 24 hours before placing in 30% sucrose solution prepared in 0.1M 
phosphate buffer. All brains that sank to the bottom were frozen on dry ice and 
transferred to -80 °C until sectioned. 
Four parallel sets of coronal sections (40 µm) were cut with a cryostat (Leica CM 
3050 S, Leica Microsystems, Frisco, TX), collected in cryoprotective solution and stored 
at -20 °C until being processed. Secitons were cut through the septo-hypothalamic region 
between stereotaxic plates A8.2 to A7.6 of the chick brain atlas (Fig 1A; Kuenzel and 
Masson, 1988). Different section sets were immunolabelled either for AVT, galanin, 5-
HT or GnRH-I according to the protocol described elsewhere (Xie et al., 2010a). All 4 
primary antibodies were raised in rabbits and used in dilutions 1:10,000 (anti-AVT; a gift 
of Dr. David A. Gray), 1:2,000 (anti-porcine galanin; Cat #4600-5004, AbD Serotec, 
Raleigh, NC), 1:120,000 (anti-5-hydroxytriptamin, Cat. #20080, ImmunoStar Inc, 
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Hudson, WI) and 1:12,000 (anti-chicken GnRH-I; a gift of Dr. S. Blähser). After 40 
hours of incubation with primary antibody, sections were washed and transferred to 
biotinylated goat anti-rabbit antibody, followed by ABC-peroxidase complex (1:5, Vector 
Laboratories, Burlingame, CA) for 90 min in each. Immunoreactivity was visualized by 
using the diaminobenzidine-nickel chromogen complex developed in the presence of 
glucose oxidase (Shu et al., 1988). Sections were mounted on clean microscope slides 
and coverslipped using Entellan. 
2.3 Image analyses 
Immunoreactive AVT and galanin neurons were counted in the medial portion of 
bed nucleus of the stria terminalis (BSTM) and GnRH-I neurons were counted in and 
about the bed nucleus of the pallial commissure (NCPa), recently renamed as nucleus of 
the hippocampal commissure (Puelles et al., 2007). Cells were counted in two successive 
sections per structure using a 20X objective. 
The amount of immunoreactive AVT, galanin and 5-HT neural terminals in 
various brain regions was determined by Image-Pro® plus software (Version 6.2, Media 
Cybernetics, Bethesda, MD). Images of brain regions containing immunostained 
terminals were taken bilaterally and corrected for background. Fiber density was 
determined and was expressed as the percentage of the area covered with immunoreactive 
fibers. Because the SL of birds is anatomically and perhaps functionally heterogeneous 
structure (Goodson et al., 2004), the density of fibers was measured in 5 regions of 
interest (ROI) of the same size (438 x 334 µm) over different protions of the SL (Fig 1B). 
ROIs 1, 2, 4 and 5 were placed parallel to the lateral edge of the septum. The narrow 
sides of ROIs 1 and 4 were placed at the level corresponding to the bottom of the lateral 
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ventricle. ROI 3 was tilted and its longer side was placed along the curved edge of the 
ventral SL. In the paraventricular nucleus (PVN), a ROI (438 x 334 µm2) was 
superimposed in the middle of PVN and aligned with the third ventricle (VIII, Fig 1A). In 
the NCPa, a ROI was drawn inside the cup-like structure formed by the hippocampal 
commissure.  
2.4 Radioimmunoassay (RIA) 
The level of plasma testosterone was determined using RIA. A commercial coat-
a-count kit was used for the analysis (TKTT, Siemens Medical Solutions Diagnostics, 
Los Angeles, CA). This kit was previously validated for chicken blood plasma (Xie et al., 
2010a). Prior to analysis, plasma samples were extracted with ethyl ether. The assay was 
performed according to manufacturer’s instructions with some modifications (Xie et al., 
2010a) and I125counts in each sample were determined by a Cobra II gamma counting 
system (Packard, Downers Grove, IL). All samples were analyzed in duplicates. 
2.5 Statistics 
All statistical analyses were conducted using Statistica 7.1 (StatSoft, Inc., Tulsa, 
OK). Student t-tests were used to compare differences in behavior and testosterone levels 
between aggressive and non-aggressive groups. Because no significant differences were 
found between cell counts or fiber measurements in corresponding regions of right and 
left hemispheres, data from left and right sides of brain sections were averaged. In the SL, 
three-way analysis of variance (ANOVA) was used to determine the main effects of 
group, ROI and anterior/posterior locations and their interactions on fiber densities. 
Pearson’s correlations were computed between the average behavioral frequencies in the 
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tesing pens and immunoreactivities of each investigated neuromodulator. All data were 
expressed as means ± SEM and differences were considered significant when P < 0.05. 
3. Results 
3.1 Behavioral performances 
Based upon two behavioral tests conducted during the selection stage, males were 
assigned to two groups that differed significantly in the average scores of aggressive 
displays (Fig 2). Aggressive males displayed more threats (P < 0.01) and head pecks (P = 
0.02) toward females than non-aggressive males. Aggressive males tended to have more 
mounting attempts (P = 0.07) but less completed copulations, indicated by lower 
frequency of tailbending (P = 0.06). 
After cohabitation with a group of females for 8-weeks, no behavioral difference 
was revealed between aggressive and non-aggressive groups in either aggressive or 
sexual displays (data not shown). Non-aggressive males, however, did more locomotion 
than aggressive males (P = 0.04).  
3.2 Testosterone (T) 
After 3-weeks of cohabitation with females, non-aggressive males had a 7-fold 
higher level of testosterone than aggressive males (P < 0.01, Fig 3). Two and five weeks 
later, no significant difference was revealed in plasma testosterone concentration between 
the two groups (5-week, P = 0.61; 8-week, P = 0.38). Over the 8-week cohabitation with 
females, non-aggressive group showed a decrease in testosterone levels (5-week, P = 
0.02; 8-week, P = 0.03) compared to testosterone levels observed after 3 weeks of 
cohabitation with females, Testosterone levels in aggressive group did not change 
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significantly over the 8 week period. On average, non-aggressive males had much higher 
testosterone levels than aggressive males (P < 0.01). 
3.3 Immunoreactivity of AVT, galanin, 5-HT and GnRH-I 
3.3.1 Arginine vasotocin (AVT) 
Vasotocinergic neurons in the BSTM are solely parvocellular whereas the 
paravenricular nucleus (PVN) contains both parvo- and magnocellular neurons (Fig 4A). 
Parvocellular AVT neurons were found in the BSTM and magnocellular neuros were 
present in the PVN along the third ventricle. AVT-ir fibers were mainly located in the 
BSTM, PVN and SL. In the SL, AVT-ir fibers were densely distributed along the wall of 
lateral ventricle and there were fewer fibers toward the midline of the brain (Fig 4A). 
Aggressive and non-aggressive groups had comparable amounts of parvocellular AVT 
neurons in the BSTM (P = 0.91, Fig 4B) and AVT fibers in the SL (P = 0.454, Fig 4C). 
The 3 lateral measurement fields (Field 1, 2 and 3) always had more AVT fiber than the 
two more medial ones (Field 4 and 5, P < 0.01, Fig 4C). Compared to the posterior 
measurement fields, fewer fibers were found in the anterior fields (P < 0.01, Fig 4C).  
3.3.2 Galanin 
The distribution of galanin-ir cells and fibers in the BSTM and SL largely 
overlapped with the distribution of AVT-ir structures (compare Fig 5A with Fig 4A). In 
the BSTM, galanin neurons were surrounded by abundant galanin fibers. By contrast, 
only galanin-ir fibers were observed in the PVN, SL and NCPa. In the BSTM, galanin 
cell counts did not show significant between-group differences (Fig 5B, P = 0.40). In the 
SL, there was a significant group effect on the amount of galanin-ir fibers with the 
aggressive males having more galanin fibers than non-aggressive males (P < 0.01, Fig 
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5E). Similar to the distribution of AVT-ir fibers in the SL, denser plexus of galanin-ir 
fibers was present in the lateral areas (ROIs 1, 2 and 3) and in the caudal plane compared 
to the medial areas (ROIs 4 and 5) and the rostral plane, respectively (P < 0.01). In the 
PVN and NCPa, no differences in fiber density were found between aggressive and non-
aggressive groups (PVN, P = 0.27, Fig 5C; NCPa, P = 0.20, Fig 5D). There was also a 
strong correlation between average AVT and galanin fiber density in the SL (r = 0.70, P 
< 0.01).  
3.3.3 Serotonin (5-HT) 
Serotonin fibers were widely present in the brain and they were relatively dense in 
the SL and NCPa (Fig 6A). In the SL, the distribution of 5-HT-ir fibers overlapped with 
AVT- and galanin-ir terminal fields. Aggressive and non-aggressive groups did not show 
differences in 5-HT fiber densities either in the NCPa (P = 0.155, Fig 6B) or in the SL (P 
= 0.54, Fig 6C). Unlike AVT and galanin fibers in the SL, the density of 5-HT fibers in 
the SL did not differ between anterior/posterior locations (F1,83 = 0.50, P = 0.48) or 
between measurement ROIs (F4,83 = 1.64, P = 0.17, Fig 6C).  
3.3.4 GnRH-I 
In the NCPa, GnRH-I neurons and fibers formed the characteristic distribution 
largely occupying the peripheral and ventral region of the “cup” enveloped by the pallial 
commissure (Fig 7A). GnRH-I fibers were found in the ventral most region of the medial 
septum and extended laterally to the base of the lateral ventricle. No difference was 
revealed in the total number of GnRH-I neurons in the NCPa between aggressive and 
non-aggressive groups (P = 0.59, Fig 7B). 
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3.4 Correlations between behavior and immunoreactivity of AVT, galanin and 5-HT 
3.4.1 AVT 
Strong positive correlations were found between the frequency of mounting 
attempts and AVT fiber densities in all 5 measurement fields in the anterior SL (Field 1, r 
= 0.79, P = 0.01, Fig 8A; Field 2, r = 0.89, P < 0.01; Field 3, r = 0.94, P < 0.01; Field 4, r 
= 0.70, P = 0.04; Field 5, r = 0.81, P < 0.01). In the posterior SL, mount attempt 
frequency positively correlated to the density of AVT fibers in ROIs 2 and 3 (ROI 2, r = 
0.70, P = 0.03; ROI 3, r = 0.78, P = 0.01). No significant correlations were observed 
between AVT cell counts in the BSTM and any behavioral display. 
3.4.2 Galanin 
A modest negative correlation was found between galanin-ir cell counts in the 
BSTM and the frequency of threats (r = -0.71, P = 0.03, Fig 8B). Social grooming was 
negatively related to amount of galanin fibers in the NCPa (r = -0.71, P = 0.03). 
3.4.3 Serotonin 
In the anterior SL, negative correlations were shown between approaching and 5-
HT fiber density in the ROI 1 (r = -0.70, P = 0.04, Fig 8C), ROI 4 (r = -0.80, P = 0.01) 
and ROI 5 (r = -0.80, P = 0.01). The density of 5-HT fibers in the NCPa negatively 
correlated to the approaching frequency (r = -0.79, P = 0.01, Fig 8D). 
4. Discussion 
Two groups of males (aggressive VS non-aggressive) showed significantly 
different behavior toward females following analyses of their first two behavior tests with 
females. Aggressive males displayed more agonistic acts toward females, including 
threats and pecks. They also tended to perform less sexual behavior displays, e.g. tail 
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bending, an indicator of complete copulation. After several weeks of cohabitation with a 
group of females using a 1:10 male to female ratio which mimicked the natural mating 
system used in industry, all roosters generally lowered the frequencies of both aggressive 
and sexual behaviors. Males selected to be “aggressive” did not sustain aggressive 
displays that were significantly more frequent than non-aggressive males. The reduced 
frequencies of behavior displays during cohabitation could be the result of an established 
hierarchy or pecking order (Kabelik et al., 2009). During the selection period, males were 
always introduced to a different group of females for each behavioral test. In contrast, 
each selected male stayed with the same group of females for several weeks in a breeding 
pen. Initially each male had to establish his place in the hierarchy when introduced to a 
different cohort. After cohabitation in breeding pens, fewer frequencies of aggressive 
behavior were needed due to an established social organization (Siegel and Gross, 
1973;Vaisanen et al., 2005). The lack of difference between aggressive and non-
aggressive males after cohabitation could due to an established social hierarchy in each 
flock no longer requiring agonistic behavior. 
Non-aggressive males had higher plasma testosterone than those aggressive males 
at the beginning of cohabitation with females (3 weeks), however, no significant 
difference was found afterwards. No correlation was revealed between testosterone level 
and any behavioral frequency in the present study, although testosterone was always 
associated with male aggressiveness and reproduction. Numerous studies have been 
conducted to carefully relate testosterone to male aggression in birds (Goymann, 
2009;Lynn, 2008;Wingfield et al., 1990;Wingfield et al., 2001;Wingfield, 2005). Three 
important components have been found which could change circulating testosterone: 
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territorial defense, sexual stimulation and environmental change. Over the entire period 
of cohabitation with a similar cohort of females, three components changed dynamically. 
At the beginning, males were placed individually in battery cages and then introduced for 
an extended time to unfamiliar females. Each rooster needed to establish dominance. 
Therefore, apart from sexual stimulation from a variety of females and a dramatic change 
of environment (individual battery cage to floor pen), territorial defense was also a 
stimulatory factor contributing to changes in testosterone. With continued cohabitation, 
attention or effort directed toward territorial defense, adjusting to environmental change 
and flock hierarchy decreased. The non-aggressive group appeared to respond to all three 
social components more dramatically evidenced by a significant drop in testosterone in 
this group following continued cohabitation with females. At the end of experiment, there 
was no difference in the level of testosterone nor the degree of GnRH-I immunoreactivity 
about the NCPa between the two groups, which suggests continued neuroendocrine 
function of the reproductive axis in aggressive and non-aggressive males.  
A significant, new finding was that galanin may be involved in avian aggression 
since aggressive birds had more galanin-ir fibers in the lateral septum than non-
aggressive birds. In vertebrate species, galanin is widely distributed in the brain 
(Azumaya and Tsutsui, 1996;Dubbeldam et al., 1999;Jozsa and Mess, 1993;Jozsa and 
Mess, 1994) with  highest content in the limbic system (Lu et al., 2005). In chickens, 
about 70% galanin was found co-expressed with AVT in the BSTM and galanin fibers 
overlapped AVT fibers in the SL (Klein et al., 2006). The lateral septum is important for 
male aggression and increased content or infusion of AVT into the septum has been 
shown to significantly reduce aggressive behaviors in territorial songbirds (Goodson, 
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1998a;Goodson, 1998b). More galanin fibers in the SL of aggressive roosters may result 
in deeper inhibition of AVT release and increase aggression in this group. Higher 
expression of galanin in aggressive males seems also to suggest more anxiety in those 
animals since central infusion of galanin can facilitate anxiety-like behavioral response 
(Echevarria et al., 2005). Although galanin in the SL most likely originated from the 
BSTM (Klein et al., 2006), no difference in galanin cell counts was found in the BSTM. 
Nonetheless a strong negative correlation was revealed between galanin cell counts in the 
BSTM and the frequency of threats suggesting the release of galanin from the BSTM to 
SL may be very important. It is likely galanin facilitates aggression by inhibiting AVT 
release. Further research is needed to verify this proposed interaction between galanin 
and AVT. 
In the PVN, no group effects were revealed regarding galanin fiber density. 
Neither correlation was found significant between fiber density and any behavior 
recorded. Unlike the BSTM, expression of galanin-ir fibers in the PVN was not sexually 
dimorphic and galanin terminals were found completely separated from AVT (Klein et 
al., 2006). It is likely that colocalization of galanin and AVT is important for the 
behavior-regulating function of galanin. The NCPa is an understudied avian brain 
structure. Our previous study showed that the NCPa was activated after male-male 
interaction (Xie et al., 2010a). In this brain structure corticotropin-releasing hormone was 
expressed (Goodson et al., 2004a;Wang and Millam, 1999). The NCPa appears to be 
another stress nucleus in the avian brain. Galanin fiber density in the NCPa negatively 
correlated with social grooming. Therefore galanin may also be involved in the stress 
response and hence suppressed behavior related to social proximity during aggression. 
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We did not observe any difference in AVT expression either in the BSTM or in 
the SL between aggressive and non-aggressive groups despite reported regulatory effects 
of AVT on male aggression (Compaan et al., 1993;Everts et al., 1997). Several reasons 
may explain the inconsistency. First, there are intra-species differences reported for the 
function of AVT/AVP (reviewed by Goodson and Bass, 2001). AVT/AVP may have 
opposite effects in aggression depending on the social organization of the species 
(Goodson, 1998a;Goodson et al., 2009;Goodson et al., 2004b;Goodson, 1998b;Goodson 
and Adkins-Regan, 1999). Second, sampling timing may be important to show 
differences in AVT expression between the two groups. We clearly observed the 
behavioral difference between aggressive and non-aggressive males and the difference 
gradually disappeared throughout the 8-week cohabitation with a fixed group of females. 
The expression of AVT may change according to behavioral changes (Bamshad et al., 
1994;Wang et al., 1994). It would be good to have an additional sample collection at the 
end of the initial selection phase when clear behavioral differences were shown. Third, 
instead of the peptide itself, the expression of AVT receptors may differ between the two 
groups. Recently a major QTL on chicken chromosome 1 has been found to influence 
social behavior traits (Schutz et al., 2004) and one of the possible candidate genes in this 
QTL region is the homolog of mammalian AVPR1A receptor (Wiren et al., 2009). It 
would be interesting to analyze and compare the expression of AVT receptors in the brain 
of aggressive and non-aggressive males. Although no relationship was established 
between AVT and aggressive displays, AVT fiber density in the SL strongly correlated 
with mounting attempts (this study), suggesting its role in male sexual behavior. In 
reptiles, injection of AVT can efficiently trigger many reproductive behaviors, such as 
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courtship calls and amplectic clasping (reviewed by Moore et al., 2005;Woolley et al., 
2004). Our previous results have shown that both appetitive and consummatory male 
sexual behavior decreased the total number of visible AVT-ir cells in the BSTM and 
likely increased the release the AVT in the SL (Xie et al., 2010b). Density of AVT fibers 
in all five measurement fields of the rostral SL showed strong correlations with mounting 
attempts, while in the caudal SL only AVT fiber density in ROIs 2 and 3 had significant 
correlations with mounting attempts. The consistent difference between the rostral and 
caudal SL suggest functional parcellation in the SL as shown in previous studies 
(Goodson et al., 2004a;Xie et al., 2010a). 
The density of 5-HT fibers in the SL and NCPa negatively correlated with 
approaching frequency, although no group effect was revealed in the expression of 5-HT. 
Approaching is one of the components in the male courtship. Males with fewer 5-HT 
fibers in the SL and NCPa tended to approach and interact more with females and to be 
more active in male courtship behavior. In birds, decreased serotonin and increased 
dopamine and norepinephrine in the central reward pathway were associated with 
courtship attraction and contributed to mating choice when a male met a female (Fisher et 
al., 2002). The supplementation of 5-HT in the diet may also increase male courtship. 
Although the present result did not support 5-HT being involved in regulating male 
aggression, we still could not exclude the possibility because 5-HT receptors, especially 
5-HT1A and 5-HT1B, may mediate aggressive modulation (de Boer and Koolhaas, 
2005;Veenema and Neumann, 2007). 
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5. Conclusion 
In the present study, by screening behavior of individual males in a female group, 
two groups of male chickens were successfully identified with clear differences in their 
behavioral profiles toward females. Higher immunoreactivity of galanin in the lateral 
septum of aggressive males than non-aggressive ones as well as galanin cell counts in the 
medial portion of bed nucleus of the stria terminalis (BSTM) are associated with avian 
male aggression. Therefore galanin could be a good candidate to study the 
neuroendocrine mechanism of abnormal male aggression in broiler breeders. With the 
present animal model, the expression of arginine vasotocin (AVT) in the rostral lateral 
septum was suggested to be very important with male sexual behavior. 
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Table 1 Description of behavioral displays 
Name Description 
Agonistic behaviors 
Threatening Rapidly advance to the partner from the front with head raised  
Chasing Run after another bird for at least 3 steps 
Leaping Jumps upward and forward on the other bird’s back 
Head peck Pecks at the head of other birds 
Body peck Pecks at the body of other birds 
Avoidance Walks away from a bird which may not follow 
Fleeing Runs away from a bird which follows 
Sexual behaviors 
Tidbitting Pecks ground while giving food calls 
Approaching Gets close to other birds 
Waltzing A half circle advance around a hen with the outer wing lowered 
Mount attempt Placement of one foot on the female’s back 
Mounting Steps on the back of a crouching hen with both feet 
Tail bending Lowers his tail and tilts his pelvis underneath the female’s cloacal area 
Other behaviors 
Wing flapping Repeated movements of wings extended upwards or caudolaterally 
Standing Male stands by itself 
Social 
grooming 
Birds preen the feathers of other birds 
Locomotion Walking with raised head unaffected by other birds 
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Figure legends 
Fig 1 Chick brain atlas plate (modified from Kuenzel and Masson, 1988) showing brain 
regions where immunoreactive structures were quantified (A) and representative image 
demonstrating the 5 regions of interest (ROI) used for fiber quantification in the lateral 
septum (B). The measurement area of PVN is indicated by the rectangle in the atlas. 
BSTM, medial portion of bed nucleus of the stria terminalis; GLv, ventral portion of the 
lateral geniculate nucleus; Hp, hippocampus; N, nidopallium; NCPa, bed nucleus of the 
pallial commissure, recently renamed as nucleus of the hippocampal commissure (Puelles 
et al., 2007); OM, occipitomesencephalic tract; PVN, periventricular hypothalamus; SL, 
lateral septum; TnA, nucleus taeniae of the amygdala; VLT, ventrolateral thalamic 
nucleus. Scale Bar, 200 µm. 
 
Fig 2 Average behavior frequency in the first two 20-min behavioral tests between 
aggressive (Aggr) and non-aggression (Non-aggr) groups. * indicates significant 
between-group differences. 
 
Fig 3 Plasma testosterone concentration in aggressive (Aggr) and non-aggression (Non-
aggr) males over the 8-week cohabitation with a group of female in the breeding pens. * 
indicate significant group differences. 
 
Fig 4 Representative image showing arginine vasotocin (AVT) cells and fibers in the 
medial portion of bed nucleus of the stria terminalis and lateral spetum (A). AVT cell 
count in BSTM (B) and AVT fiber quantification in the SL (C) do not differ between 
  176 
aggressive (Aggr) and non-aggressive (Non-aggr) males. Regardless of groups, more 
AVT fibers are in the caudal SL than in the rostral SL and in the Fields 1-3 than Fields 4-
5 (P < 0.05, C). BSTM, medial portion of bed nucleus of the stria terminalis; LV, lateral 
ventricle; OM, occipitomescencephalic tract; PVN, paraventricular nucleus; SL, lateral 
septum; III, the third ventricle. Scale bar, 500 µm. 
 
Fig 5 Representative image of galanin-ir cells and fibers in the septo-hypothalmic region 
of the brain (A). No group difference has been found in galanin cell count in the BSTM 
(B) and galanin fiber density in the PVN (C) and the NCPa (D). Overall, aggressive 
males (Aggr) have more galanin fibers in the SL than non-aggressive males (Non-aggr, P 
< 0.05, C). Regardless of groups, more galanin fibers are in the caudal SL than in the 
rostral SL and in the SL area (ROIs 1-3) that are closer to the lateral ventricles than ROIs 
4-5 (P < 0.05, C). BSTM, medial portion of the stria terminalis; LV, lateral ventricle; 
NCPa, bed nucleus of the pallial commissure; OM, occipitomescencephalic tract; PVN, 
paraventricular nucleus; SL, lateral septum; III, the third ventricle. Scale bar, 500 µm. 
 
Fig 6 Representative image showing serotonin (5-HT) fibers in the septo-hypothalamic 
regions of the brain (A). No difference has been found in 5-HT fiber density in the NCPa 
(B) and SL (C) between aggressive (Aggr) and non-aggressive (Non-aggr) males. 
Comparable amounts of 5-HT fibers are found in the rostral and caudal SL and among all 
5 measurement fields (C). LV, lateral ventricle; NCPa, bed nucleus of the pallial 
commissure; OM, occipitomescencephalic tract; PVN, paraventricular nucleus; SL, 
lateral septum; III, the third ventricle. Scale bar, 500 µm. 
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Fig 7 Gonadtropin-releasing hormone-I (GnRH-I) neurons in and about the NCPa (A). 
No group difference in the GnRH-I cell counts is revealed between aggressive (Aggr) and 
non-aggressive males (Non-aggr, B). NCPa, bed nucleus of the pallial commissure; III, 
the third ventricle. Scale bar, 200 µm. 
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Abstract 
Extensive studies have shown that brain estrogen, arginine vasotocin (AVT, non-
mammals) /vasopressin (mammals) and corticotrophin-releasing hormone (CRH) can 
regulate or prime social behaviors. Differential gene expressions of Estrogen, AVT and 
CRH systems in the brain are linked to differences in animal social behaviors. Two lines 
of chickens (Line A and Line D) known to have distinct behavior profiles were used. 
Line A is much more social than Line D. Laser capture microdissection followed by real-
time PCR were applied to compare expression of genes coding aromatase (P450), 
estrogen receptors α and β (ESR1 and 2), AVT, AVT receptor (AVPR1A, also known as 
VT4R in chicken), CRH and CRH receptors (CRHR1 and 2) between Line A and Line D 
in two experimental paradigms, (1) non-stimulated and (2) 20-minute interaction with 
females. Compared to less social Line D, Line A had higher P450 gene expression in the 
rostral and caudo-lateral portion of medial preoptic area (rPOM and clPOM), more ESR1 
in clPOM and more ESR2 in bed nucleus of the pallial commissure (NCPa). Social 
stimulation did not change gene expression of P450 and ESR1, but reduced ESR2 
expression in the ventromedial subnucleus of medial portion of bed nucleus of the stria 
terminalis (BSTM2) and the rostral lateral septum (SL1) and increased ESR2 expression 
in the dorsolateral subnucleus of BSTM (BSTM1). Higher expression of AVPR1A in the 
rPOM, clPOM, BSTM1, BSTM2 and SL1 was found in social Line A than Line D. Gene 
expressions of AVT and AVPR1A were not affected by social stimulation. In addition to 
the known hypothalamic region, highly abundant expression of CRH gene was revealed 
in the NCPa. In the caudo-medial POM (cmPOM), higher expression of CRHR1 mRNA 
was found in unstimulated Line A than Line D and interaction with females only reduced 
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CRHR1 gene expression in Line A. Lower expression of CRHR1 gene were also shown 
in the SL1 after social interactions. No line difference or effect of social stimulation was 
found in CRHR2 gene expression. All results suggest the differential expressions of genes 
involved in synthesis and binding of estradiol, AVT and CRH are closely associated with 
intraspecific differences in social behaviors. 
Keywords: laser capture microdissection, P450, ESR, AVT, AVPR1A, CRH, CRHR
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Introduction 
Social behaviors consist of various forms of relationships among conspecifics 
(Blumstein et al., 2010). It has been a long-term interest for behaviorists to understand 
how social behaviors are primed and regulated. By focusing on relatively simple and 
stereotypic types of social behaviors, behavior-related neural pathways, hormones and 
neuropeptides have been identified in the brain. 
In male animals, estrogen synthase and receptors are abundant in the brain 
(Balthazart et al., 1989;Balthazart et al., 1990b;Ball et al., 1999;Halldin et al., 2006) and 
estrogen is also important for many masculine behaviors, such as sexual behavior and 
aggression. Aromatase activities in the hypothalamus have been correlated with male 
mating and aggression (Schlinger and Callard, 1989;Balthazart and Foidart, 
1993;Balthazart et al., 2004). The aromatization of testosterone to estrogen in the brain is 
essential to restore male sexual behavior after castration, although testosterone is 
essential for male animals to sustain sex characteristics (Watson and Adkins-Regan, 
1989b). The wide functions of estrogen are mediated by estrogen receptors. Knockout of 
estrogen remarkably change male social behaviors (Rissman et al., 1997;Ogawa et al., 
2000).  
Arginine vasotocin/vasopressin is one of the potent neuropeptides regulating male 
social behaviors. Most adult males had more AVT/AVP distribution in the medial portion 
of bed nucleus of the stria terminalis (BSTM) and the lateral septum (SL) than females 
(De Vries and Panzica, 2006). Manipulation of AVT/AVP in the brain altered animal 
social behaviors according to various social contexts (reviewed by Goodson and Kabelik, 
2009). The variations in behavioral functions of AVT/AVP may come from the species-
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specific expression of AVP receptors (Hammock and Young, 2005). In many rodent 
species, higher expression of AVP receptor subtype, AVPR1A, have been found in more 
social animals and the increased expression of AVPR1A can improve male parental 
behavior, pair-bonding, and social recognition (Insel et al., 1994;Young et al., 
1997;Landgraf et al., 2003;Lim et al., 2004;Bielsky et al., 2005). To date, little is known 
about AVPR1A in avian species. 
Extensive studies have linked corticotrophin-releasing factor (CRH) to stress, 
anxiety and the regulation of the hypothalamic-pituitary-adrenal axis (Lightman, 
2008;Papadimitriou and Priftis, 2009). A few studies in voles have shown that the CRH 
system is also able to regulate social behaviors. Manipulations of the CRH system can 
change pair-bond formation and partner preferences (DeVries et al., 1995;DeVries et al., 
2002;Lim et al., 2007). A number of studies have shown a sex- and species-specific 
expression of two types of CRH receptors (CRHR1 and CRHR2) in the brain (Liu et al., 
2001;Lim et al., 2005). It implies that beside stress and stress-related behaviors, the CRH 
system could also be a candidate to regulate individual sociality.  
Many animal models have been utilized to study social behaviors. Comparative 
studies on different species of voles with different sociality (Young et al., 2002) have 
facilitated the identification of genes closely associated with social behavior. In avian 
species, different social organized songbirds (Goodson, 2008) and Japanese quail 
(Balthazart and Ball, 1998) have been used as models to study territory defense and male 
sexual behavior. In the present study, we used two chicken lines that differ in their 
sociality as animal models. By taking advantage of the similar genetic background of 
these two chicken lines, genes expressions in the brain regions which are associated with 
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social behavior are investigated. Differences in the expression of abovementioned 
hormone and neuropeptides and their receptors are expected to explain the variations in 
social behavior.  
Materials and methods 
Animals 
Chickens selected for rapid growth (broilers) were obtained from lines regarded 
as aggressive (Line A, n = 12) and docile (Line D, n =12) and were provided by Cobb 
Vantress, Inc. (Siloam Springs, AR). All males were individually caged on the research 
farm of the University of Arkansas until 30-weeks of age and were feed-restricted daily 
with a commercial diet following recommendations provided by a commercial 
management guide. The room temperature was maintained at 21 °C and the photoperiod 
was set for 16 h light and 8 h darkness with lights on at 6:00 AM. Body weight was 
monitored for each bird on a weekly basis and feed was adjusted to maintain the birds at 
the growth rate recommended by the breeding company. All the experimental procedures 
involving animals were approved by the institutional animal care and use committee 
(IACUC) at the University of Arkansas. 
Behavioral tests and brain sampling 
All 24 birds received some sexual experience by being exposed to groups of 
female chickens (10 birds/ pen) on a rotated schedule. Each male was then subjected to 
triple behavioral tests in the testing pen housing 6 females. The general procedure of each 
behavioral test was described in the previous study (Xie et al., 2010). All tests were 
conducted between 1-5 PM and lasted for 20 minutes. Behavior frequencies and duration 
were scored by examining the playback of each video recorded using the Observer 7.0 
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(Noldus IT Inc., Leesburg, VA). The specific behaviors quantified including their 
description for each behavior was described previously (Xie et al., 2010). 
Blood samples were drawn on the day before each behavioral test between 1 PM 
and 3 PM and plasma was stored in -20°C until testosterone analysis. One half of the 
chickens from each line were sacrificed immediately after their third behavioral test and 
served as the behaviorally stimulated group (STI). The remaining chickens from each line 
were terminated on the following day after behavioral tests and were considered as 
controls (CON). All birds were terminated by decapitation and brains were quickly taken 
out, snap-frozen in the methylbutane cooled by the mixture of dry ice and ethanol for 30 
sec and kept on dry ice before transferring to -80 °C for storage. The time taken for each 
brain sampling was less than 10 minutes. 
Radioimmunoassay (RIA) 
Plasma testosterone was analyzed using a radioimmunoassay as described 
previously (Xie et al., 2010). Plasma samples were first extracted with ethyl ether and 
commercial coat-a-count kit was used for quantification (TKTT, Siemens Medical 
Solutions Diagnostics, Los Angeles, CA). Standard curve method was applied to 
calculate testosterone concentrations.  
Procedure for laser capture microdissection 
Cryosectioning 
All supplies were precleaned with absolute ethanol and RNaseZap® RNase 
Decontamination Solution (Ambion, Austin, TX). Membrane glass slides (Molecular 
Devices, Sunnyvale, CA) were charged with 254 nm-wavelength UV light for 40 min 
before use. Brains were cryosectioned at 20 µm with the chamber temperature set at -18 
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°C and specimen temperature set at -18°C. Brain sections corresponding to chicken brain 
atlas plates 8.8-7.2 (Kuenzel and Masson, 1988) were collected and divided into two 
parallel sets. One set was mounted on membrane slides (3 sections/ slide), while the other 
set was mounted on the Superfrost Excell Adhesion Microscope Slides (Thermo 
Scientific, Portsmouth, NH) as a backup. 
Cresyl violet staining 
In order to visualize brain regions of interest and facilitate microdissection, all 
sections were subjected to cresyl violet staining. Cresyl violet staining solutions (1%) 
were prepared with molecular grade absolute ethanol (Sigma-Aldrich, St Louis, MO) and 
serial dilutions of ethanol were prepared with GIBCO UltraPure™ distilled water 
(Invitrogen). Sections were fixed in 75% ethanol for 2 min at -20 °C and were subjected 
to each staining step on ice as follows: 1% cresyl violet staining solution, 60 sec; 70% 
ethanol, 15 sec; 95% ethanol, 15 sec; 100% ethanol, 30 sec; 100% ethanol, 30 sec. After 
briefly drying in the hood for 2 min, all sections were stored in a container with desiccant 
beads during the transportation to the room containing laser capture microdissection 
equipment. 
Laser capture microdissection (LCM) 
The P.A.L.M microbeam laser capture microdissection system (Carl Zeiss 
MicroImaging GmbH, Germany) was used, targeting 9 brain regions including rostral 
medial preoptic area (rPOM); lateral and medial portions of the caudal POM (clPOM and 
cmPOM); dorsolateral and ventromedial subnuclei of BSTM, designated as BSTM1 and 
BSTM2, respectively; rostral and caudal lateral septum (SL1 and SL2); paraventricular 
nucleus (PVN); and bed nucleus of the pallial commissure (NCPa) also known as the 
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nucleus of the hippocampal commissure (Puelles et al., 2007) (Fig 1). All target regions 
were circle-labeled under a 5X objective lens and the automatic LPC function was used 
to dissect each regions. The laser energy and focus for cutting were set at 78 and 76 for a 
complete cleavage, respectively. The laser energy and focus for catapuling were set as 
100 and 80. For each brain structure, a total of 6 pieces of LCM samples (0.049 mm2) 
were collected into the RNase-free adhensive cap (Carl Zeiss MicroImaging GmbH, 
Germany). The total sampling time was approximately 45 min for each brain. All LCM 
samples were kept on dry ice before RNA extraction. 
RNA extraction and semi-quantitative reverse transcription real-time PCR 
Immediately after each LCM, total RNA was extracted with RNeasy Micro kit 
(Qiagen, Valencia, CA) following instruction provided by the manufacturer. The quality 
and quantity of RNA were determined using the HighSense chip of the Experion 
capillary electrophoresis system (Bio-Rad). RNA samples having 18S to 28S ribosomal 
RNA ratio of 1.5-2.0 and lack of any short RNA fragments observed on the electrogram 
were considered no degradation (Fig 2). A total of 2 ng RNA was used for the two-step 
reverse transcription using the standard protocol of QuantiTect Rev. Transcription Kit 
(Qiagen, Valencia, CA). Both a no-template negative control and a no-transcriptase 
negative control were included. cDNA samples were stored at -20°C until PCR was 
performed. 
Duplex real-time PCR was employed to quantify the relative expression of eight 
target genes (aromastase, P450; estrogen receptor 1 and 2, ESR1 and 2; arginine 
vasotocin, AVT; avian AVT receptor 4, AVPR1A; corticotrophin releasing hormone, 
CRH; corticotrophin releasing hormone receptors 1 and 2, CRHR1 and 2) against the 
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endogenous control, glyceraldehydes 3-phosphate dehydrogenase (GAPDH) (Li and 
Kuenzel, 2008;Li et al., 2009). In order to distinguish fluorescent signals between target 
gene and reference gene, the probe for GAPDH gene was labeled with VIC® at the 5’ 
end and probes for other target gene were labeled with FAM at the 5’end (Table 1). All 
primers and Taqman® MGB probes were designed using ABI PRISM Primer Express 
software (Applied Biosystem). Each sequence was blasted against the chicken genome 
for specificity. Dimers among primer pairs and probes of target and reference genes were 
checked and limited to minimal. Primer efficiencies were determined for each gene in the 
single-plex and duplex reaction systems, separately, to validate the reliability of duplex 
real-time PCR. The duplex PCR reaction system was only adopted when similar 
efficiencies and Ct (cycle of threshold) values were obtained in both systems. The duplex 
PCR was performed following the standard procedure. The 25 µl reaction system 
included 1 µl cDNA, 0.4 µM forward and reverse primers and 0.2 µM probes of each 
target and endogenous gene, and 12.5 µl PCR master mix with the passive control ROX 
(QuantiTect® Multiplex PCR kit, Qiagen, Valencia, CA). In each 96-well plate (Applied 
Biosystem), two negative controls from reverse transcription and a no-template control 
for the PCR were included to detect contaminations. ABI PRISM® 7300 cycler (Applied 
Biosystem) was used for the amplification with a standard cycling condition as following: 
hot start of polymerase at 95 °C for 15 min, followed by 50 cycles (94 °C, 60s and 60 °C, 
60s). Fluorescence data were collected at the annealing step at 60 °C. A Ct value was 
obtained using default settings. The 2-∆∆Ct method was used to calculate changes of gene 
expression (Yuan et al., 2006) and an average Ct of unstimulated Line A in the clPOM 
served as the calibrator.  
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Statistics 
Two-tail Student t-tests were used to compare the behavioral difference and 
plasma testosterone between Line A and D. Two-way ANOVAs were applied to test the 
main effects of line and behavioral stimulation and their interaction on gene expressions. 
Fisher protected least significant difference (PLSD) posthoc tests were used to assess 
differences among all group means when effects were significant. All data were 
expressed as means ± S.E.M. and differences were considered significant when P < 0.05. 
Results 
Behavioral differences between Line A and Line D 
Line A and D chickens quantitatively showed behavior differences during 
behavioral tests. Compared to Line D, Line A displayed more frequent appetitive and 
consummatory sexual behaviors, including tidbitting (P = 0.014), approaching (P = 
0.001), waltzing (P = 0.025), tail bending (P = 0.044) and scratching in the litter (P = 
0.002). Line D threatened more toward females (P = 0.001) than Line A. More 
wingflapping (P < 0.001), body shaking (P = 0.028) but less locomotion (P = 0.001) were 
found in Line A than in Line D. With regard to behavioral duration, Line A spend much 
more time getting close to females (approaching, P = 0.005), while Line D spent more 
time in walking rather than approaching females (locomotion, P < 0.001).  
Testosterone 
Average plasma testosterone did not show difference between Line A and Line D 
(3.35 ± 0.49 vs 2.98 ± 0.27, P = 0.520). Line D, however, had less variability in 
testosterone levels than Line A over three samplings since a much larger coefficient of 
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variation (CV) of the three testosterone measurements occurred for Line A than Line D 
(77.38 ± 7.41% vs 43.54 ± 4.76%, P = 0.001). 
Changes in gene expression of aromatase and estrogen receptors in the brain 
Expressions of P450 gene were detected in the rostral and caudal POM (rPOM, 
cmPOM and clPOM), two subnuclei of the BSTM (BSTM1 and 2) and TnA. As shown 
in Fig 3, high expression of P450 gene was observed in the cmPOM and the BSTM1. 
Significant line differences were revealed in the rPOM (P = 0.037) and the clPOM (P = 
0.044), where Line A had greater level of P450 mRNA than Line D. Social stimulation 
did not change P450 expression in any investigated brain regions. 
Expressions of estrogen receptors (ESR1 and ESR2) were detected in all 
investigated brain regions. High expression of ESR1 mRNA was found in the rPOM, the 
cmPOM and the PVN (Fig 4), while gene expression of ESR2 was higher in the BSTM 1 
and 2 (Fig 5). Line A had more ESR1 expression (P = 0.050) in the clPOM and more 
ESR2 expression (P = 0.002) in the NCPa than Line D, respectively. Social behavioral 
treatments significantly affected ESR1 gene expression in many brain regions. Social 
stimulation increased ESR1 expression in the BSTM1 (P = 0.008), but lowered the 
expression in the BSTM2 (P = 0.030) and SL1 (P = 0.038). It also tended to decrease 
ESR1 expression in the NCPa (P = 0.059).  
Changes in gene expression of arginine vasotocin (AVT) and its receptor 
Gene expression of AVT was limited in the BSTM1, BSTM2 and PVN. The 
expression in PVN is about 4-6 fold higher than that in the two subnuclei of BSTM (Fig 
6). No line difference or social interaction effect was found on AVT gene expression. 
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Receptor of AVT (AVPR1A) widely distributed in the brain. Among all 
investigated brain regions, rPOM, cmPOM and PVN had relatively more AVPR1A (Fig 
7). A consistent line difference was observed in the gene expression of AVPR1A. 
Significantly more AVPR1A mRNA was found in the clPOM (P = 0.005) and the BSTM1 
(P < 0.001) in Line A than Line D. Tendencies to have higher expression of AVPR1R in 
Line A were also revealed in the rPOM (P = 0.062), the BSTM2 (P = 0.057) and the SL1 
(P = 0.057). 
Changes in gene expression of corticotropin releasing hormone (CRH) and its 
receptors 
Gene expression of CRH was detected in the rostral and caudal POM (rPOM, 
cmPOM and clPOM), the BSTM1 and 2, the PVN and the NCPa. Highly abundant CRH 
mRNA expression was observed in the NCPa (Fig 8), which was around 10 times more 
than in the PVN and cmPOM, and 40-50 fold more than the in rPOM, clPOM, BSTM1 
and BSTM2. The expression of CRH gene did not differ between two lines. Social 
stimulation only affected CRH mRNA expression in socially active Line A. In Line A, 
social encounters significantly increased CRH expression in the PVN (P = 0.038), while 
tended to decrease its expression in the cmPOM (P = 0.058) and NCPa (P = 0.069). 
Expression of CRH receptors (CRHR1 and CRHR2) were found in all 
investigated brain structures. Slightly higher expression of CRHR1 mRNA was found in 
the cmPOM, the BSTM2, the PVN and the NCPa compared to other brain regions (Fig 
9). In the cmPOM, an interaction effect of line X behavior treatment was found on the 
gene expression of CRHR1 (F1,17 = 4.868, P = 0.041). Unstimulated Line A had more 
CRHR1 mRNA expression than Line D (P = 0.010). Social interactions did not change 
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the CRHR1 gene expression in Line D but significantly reduced the gene expression in 
Line A (P = 0.015). Social interactions either lowered or tended to lower CRHR1 mRNA 
expression in the SL1 (P = 0.041) and the BSTM2 (P = 0.063). 
Comparable levels of CRHR2 gene expression were found in most investigated 
brain regions except PVN having relatively more CRHR2 mRNA (Fig 10). In the PVN, 
social behavior stimulations tended to increase the gene expression of CRHR2 (P = 
0.067).  
Discussion   
Different sociality between Line A and Line D 
Birds from Line A and Line D were previously described as aggressive vs docile. 
Based upon our behavioral tests, these two lines differed in sociality rather than 
aggressiveness. Line A showed more desire to approach females for copulation than Line 
D. Line A males were active in scratching litter, tidbitting (behaviors used to attract 
females) and waltzing. They also had more wingflapping, possibly indicating dominance 
and strength. Eventually Line A had more completed copulations than Line D (indicated 
by tail bending). Line D spent more time in walking and performed more threats than 
Line A. Differences in sociality are not likely coming from variation in learning and 
adaption. Over all three tests, Line D also showed an increase in waltzing in the last two 
behavioral tests (data not shown). Interestingly, less social Line D had more consistent 
levels of plasma testosterone levels than Line A. It is likely that Line A is more 
responsive to social stimuli than Line D.  
2. Gene expressions associated with variations in social behaviors 
The application of LCM 
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The brain is very heterogeneous in both structures and functions. One of the 
methods to reveal this heterogeneity is in situ hybridization. Technically real-time PCR is 
a high-throughput method requiring a small amount of sample RNA and is much more 
sensitive than in situ hybridization (Biedermann et al., 2004;Rosa et al., 2009). Laser-
capture microdissection (LCM) followed by real-time RT-PCR is a method to determine 
gene expression in a high-throughput manner without sacrificing the homogeneity of the 
sample (Baskin and Bastian, 2010;Kwon and Houpt, 2010). In the present study, crysel 
violet staining was used to visiualize brain nuclei. The successful dissection of each 
nucleus was validated by the expression of “marker”, e.g. AVT in the BSTM1 and 2, and 
by the comparison with previous histological studies. 
Gene expression of aromatase and estrogen receptors 
The POM, known as one of the main brain sites of aromatase neurons, is a large 
and heterogonous structure. In quail, rPOM is closely related to male courtship behavior 
and clPOM is the key region for male consummatory behavior (Bailhache et al., 
1993;Balthazart et al., 1998). As aromatase activity positively correlated with male 
sexual behaviors (Watson and Adkins-Regan, 1989a;Watson and Adkins-Regan, 
1989b;Balthazart et al., 1990a;Cornil et al., 2006), the higher expression of P450 in the 
rPOM and clPOM of Line A (social) than Line D (less social) may contribute to active 
courtship and copulation in Line A. After a 5-min sexual interaction, the reduction in 
aromatase activity was seen as soon as 15 min (Cornil et al., 2005), however, gene 
expression of P450 was not altered in such a short period of time. It is likely the 
activation in aromatase enzymatic activity is prior to turning-on of P450 gene expression.  
  201 
As abovementioned, the clPOM is important for male copulation. In addition to 
aromatase, the expression of ESR1 in the social line (Line A) was higher than Line D. 
The intraspecific variation in expressions of P450 and ESR1 in the clPOM provides the 
possible explanation for the sexuality variations in chickens. Social encounter changed 
ESR1 gene expression in a region-specific manner. The region-specific changes in each 
nucleus may be a result of different behavior functions. The BSTM2, SL1 and NCPa 
were found to be activated by sexual interactions (Xie et al., 2010). The decreased ESR1 
expression in sexual behavior-related nuclei may facilitate sexual behavior and inhibit 
aggression since ESR1 was negatively related to male affiliate behavior (Cushing et al., 
2004;Cushing and Wynne-Edwards, 2006;Lei et al., 2010). In the BSTM1, a negative 
relationship was found between the release of ARO and chasing during inter-male 
encounters (Xie et al, submitted) and the increase in ESR1 expression after stimulation 
may mediate and lead to the inhibition of aggressive behavior. 
ESR2 had a high expression in the POM and the BSTM, a moderate expression in 
the PVN and a much low expression in the SL and the NCPa, which agrees with previous 
studies in Japanese quail (Halldin et al., 2006). The different expression patterns between 
ESR1 and ESR2 (Fig 4 and 5) indicated the two estrogen receptors mediate different 
functions of estrogen. The most confirmed function of ESR2 in various behavior studies 
is to regulate anxiety and ESR2 co-localizes with several neurotransmitters, including 
AVT, oxytocin and CRH (Bodo and Rissman, 2006). The higher expression of ESR2 in 
the NCPa may help to reduce the anxiety in social Line A during behavior tests by 
interacting with CRH-ir neurons.  
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Gene expression of AVT and AVPR1A (VT4R) 
There were no differences in the expression of AVT gene in the BSTM and PVN 
between two chickens line. Social behavior stimulation also did not affect AVT gene 
expression. However, the function of AVT in regulating social behavior cannot be 
excluded as the differences in peptide release and availability of AVT receptors may 
contribute to behavioral differences (Wang et al., 1994;Wang, 1995).  
Recently, AVPR1A showed limited expression in the avian brain using 
mammalian ligand binding technique (Leung et al., 2009), however, due to the affinity of 
ligand and receptor, it may not be able to fully describe the distribution of AVPR1A in 
avian brain. Using LCM and PCR, we showed a wide distribution of AVPR1A mRNA in 
the subpallial and hypothalamic regions of the avian brain, which resembles mammalian 
studies (Johnson et al., 1993;Szot et al., 1994;Ostrowski et al., 1994). Species-specific 
expression of AVPR1A in the brain has been consistently associated with sociality, social 
recognition, pair bonding formation and parental behavior in voles (Young et al., 
1997;Young et al., 1999;Young et al., 2000). More AVPR1A in the ventral pallidum and 
the lateral septum (SL) were found in more social prairie voles than less social montane 
voles (Insel et al., 1994;Young et al., 1997). Manipulation of AVPR1A expression by 
utilizing a virus-based expression vector in the SL and ventral forebrain of some 
mammalian species can significantly improve social recognition and partner preference 
(Landgraf et al., 2003;Lim et al., 2004;Bielsky et al., 2005). In the present study, we 
showed AVPR1A gene expression was also associated with social behavior in avian 
species. Line A (more social) had significantly higher level of AVPR1A mRNA in the 
clPOM, BSTM1 and a tendency to have greater expression in the rPOM, rostral SL (SL1) 
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and BSTM2 than Line D (less social). It appears the mechanism regulating sociality is 
highly conserved in avian and mammalian species. In voles, it has been shown that the 
promoter region of AVPR1A gene leads to the differential expression of the receptor 
(Hammock and Young, 2002;Hammock and Young, 2004;Hammock et al., 
2005;Donaldson et al., 2008;Ophir et al., 2008). Although the polymorphism of the 
chicken AVPR1A gene is not available in chicken, recently a QTL related to domestic 
chicken’s social behavior have been located on chromosome 1 where AVPR1A is found 
(Schutz et al., 2002;Wiren and Jensen, 2010). 
Gene expression of CRH and CRHRs 
CRH-ir neurons and terminals have been known to locate in the hypothalamus 
and some extrahypothalamic sites, such as BSTM (Jozsa et al., 1984;Richard et al., 
2004). In the present study, a robust expression of CRH mRNA was also found in the 
NCPa, which was about 3-4 fold more than found in the PVN. Previously we have shown 
the NCPa was highly activated by male-male interactions (Xie et al., 2010). In this brain 
region, abundant serotoninergic and galaninergic innervations (our unpublished 
observation;Goodson et al., 2004) were also found. It is very likely that the NCPa serve 
as another “stress regulating” nucleus in avian species. No difference was found in the 
expression of CRH between social and asocial lines. However, social interaction only 
affected CRH expression in Line A (social line). The high responsiveness in Line A to 
social encounters may be associated with its high sociality. Interestingly, CRH expression 
was up-regulated in the PVN but tended to decrease in the NCPa after the interaction 
with females. It is likely that the PVN and NCPa serve different aspects in stress. 
Previous section showed that the line difference in expressing ESR2, a receptor related to 
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anxiety, was found in the NCPa and therefore the NCPa might be a part of pathway in 
regulating anxiety rather than the hypothalamic-pituitary-adrenal axis. In the POM, much 
higher CRH expression was found in the caudo-medial subportion (cmPOM) than the 
caudo-lateral (clPOM) and rostral subportions. It supports our hypothesis that the 
cmPOM is more associated with stress-related behaviors and male aggression rather than 
male sexual behavior (Xie et al., submitted). 
The distribution of CRHRs mRNA overlapped with CRH innervations described 
in previous studies (Jozsa et al., 1984;Richard et al., 2004). The highest expression of 
CRHR1 gene was found in the PVN and NCPa where most CRH neurons are located. By 
contrast, gene expression of CRHR2 was relatively stable among different investigated 
brain regions. CRHR1 is known as the major receptor mediating the function of CRH in 
stress responses (Suda et al., 2004). In the present study, gene expression of CRHR1, as 
well as CRH, was more responsive to the social stimulation in social line (Line A) than 
asocial line (Line D, e.g. cmPOM, SL1). It seems that the CRH and CRHR1 may also 
contribute to the stress response during social encounters. 
Conclusion 
The two lines of chickens were used as an avian model for comparative studies to 
identify genes associated with social behavior. A laser capture microdissection technique 
followed by real-time PCR enabled an efficient and reliable means for defining and 
comparing gene expressions in the brain. The extremely high expression of CRH in the 
NCPa suggested the role of NCPa in stress responses. In different subportions of POM, 
increased expression of P450, ESR1 and AVPR1A in the rPOM and clPOM may 
especially contribute to the higher sexual activity in Line A, while higher expression of 
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CRH and CRHR1 in the cmPOM supported the role of cmPOM in stress responses. 
Together, it supported the functional separation in the POM. The most significant line 
difference was found in the AVPR1A gene expression. It resembles the conclusion from 
mammalian studies, suggesting the conservative function of AVT in the social behavior. 
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Table 1 Sequences for primers and Taqman® probe sets 
Genbank accession Sequences Product size 
GADPH (NM_204305) 
F: 5’-CTTTGGCATTGTGGAGGGTC-3’ 
R: 5’-ACGCTGGGATGATGTTCTGG-3’ 
P: 5’-VIC-TTCTGTGTGGCTGTGATG-MGB-3’ 
128 bp 
P450 (NM_001001761) 
F: 5’-TGCTCCTGATACTCTGTCCGTG-3’ 
R: 5’-GGCATGTCATCACTCTGTACCTCT-3’ 
P: 5’-6FAM-TCTCTCATCATCTTCTCCTC-MGB-3' 
135 bp 
ESR1 (NM_205183) 
F: 5’-CCGAAACCAACTGACAACCG-3’ 
R: 5’-GCTAGGTAGTACGCTGCTGGG-3’ 
P: 5’-6FAM-TTGCTGTTAATGTAAAAGGACTG-MGB-3’ 
151 bp 
ESR2 (NM_204794) 
F: 5’-CAGCATGTTTCCCTTGTCACC-3’ 
R: 5’-CTCTTTGCAATAACCCACACCAG-3’ 
P: 5’-6FAM-AAGAACCCGAAAGCAACAG-MGB-3’ 
102 bp 
AVT (NM_205185) F: 5’-CCTTCCCCGAACGCATAG-3’ 117 bp 
  
213 
R: 5’-GGGCAGTTCTGGATGTAGCAG-3’ 
P: 5’-6FAM-CAAAGCCAGGAGACAGA-MGB-3’ 
AVPR1A 
(NM_001110438)             
F: 5’-GGTTGCAGTGTTTTCAGAGTCG-3’ 
R: 5’-CAAGATCCGCACCGTCAAG-3’ 
P: 5’-6FAM-ACCTTCGTCATCGTCTCG-MGB-3’ 
136 bp 
CRH (NM_001123031) 
F: 5’-GTGATGGCTCTGGTGCTGAC-3’ 
R: 5’-GCCCACAGCAACAGGAAAC-3’ 
P: 5’-6FAM-CCTCACTTCCCGATGAT-MGB-3’ 
98 bp 
CRHR1 (NM_204321) 
F: 5’-CCCTGCCCCGAGTATTTCTA-3’ 
R: 5’-CTTGCTCCTCTTCTCCTCACTG-3’ 
P: 5’-6FAM-CCTGTAGCCATTGTTTG-MGB-3’ 
141 bp 
CRHR2 (NM_204454) 
F: 5’-GCAGTCTTTTCAGGGTTTCTTTG-3’ 
R: 5’-CGGTGCCATCTTTTCCTGG-3’ 
P: 5’- 6FAM-TTCTTGAATGGTGAGGTCC-MGB-3’ 
87 bp 
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Figure legends 
Fig1 Schematic diagrams of modified coronal plates from a chick brain atlas (Kuenzel 
and Masson, 1988) with superimposed brain regions for laser capture microdissection 
(circular areas): rostral POM (rPOM) in A 8.6 (A); caudo-medial (cmPOM) and caudo-
lateral POM (clPOM) and rostral SL (SL1) in A8.4 (B); dorso-lateral and ventromedial 
subnucleus of BSTM (BSTM1 and BSTM2), caudal SL (SL2) and NCPa in A7.8 (C) and 
PVN in plates A 7.6 (D). CA, anterior commissure; CO, optic chiasma; GLv, ventral 
portion of the lateral geniculate nucleus; Hp, hippocampus; N, nidopallium; OM, 
occipitomesencephalic tract; POM, medial preoptic nucleus; PVN, paraventricular 
nucleus; SL, lateral septum; TnA, nucleus taeniae of the amygdala; VL, lateral ventricle; 
VLT, ventrolateral thalamic nucleus. 
 
Fig 2 Capillary electrophoresis gel to test the integrity of RNA samples (Upper panel) 
and representative electrogram to shown the 18S rRNA and 28S rRNA ratio (Lower 
panel). L, RNA ladder; 1, rPOM; 2, cmPOM; 3, clPOM; 4, BSTM1; 5, BSTM2; 6, 
NCPa; 7, SL1; 8, SL2; 9, PVN; 10, TnA. 
 
Fig 3 Relative gene expression of P450 in the POM and BSTM. * indicates significant 
difference. CON, control; STI, behaviorally stimulated. 
 
Fig 4 Relative gene expression of ESR1 in the POM, BSTM, SL, PVN and NCPa. * 
indicates significant difference. CON, control; STI, behaviorally stimulated. 
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Fig 5 Relative gene expression of ESR2 in the POM, BSTM, SL, PVN and NCPa. * 
indicates significant difference. CON, control; STI, behaviorally stimulated. 
 
Fig 6 Relative gene expression of AVT in the BSTM and PVN. * indicates significant 
difference. CON, control; STI, behaviorally stimulated. 
 
Fig 7 Relative gene expression of AVPR1A in the POM, BSTM, SL and PVN. * indicates 
significant difference. CON, control; STI, behaviorally stimulated. 
 
Fig 8 Relative gene expression of CRH in the POM, BSTM, PVN and NCPa. * indicates 
significant difference. CON, control; STI, behaviorally stimulated. 
 
Fig 9 Relative gene expression of CRHR1 in the POM, BSTM, SL, PVN and NCPa. * 
indicates significant difference. CON, control; STI, behaviorally stimulated. 
 
Fig 10 Relative gene expression of CRHR2 in the POM, BSTM, SL, PVN and NCPa. 
CON, control; STI, behaviorally stimulated. 
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OVERALL CONCLUSIONS 
In order to investigate the mechanism and find the possibilities to correct 
occasional, abnormal male-to female aggression in chickens, two major steps have been 
taken 1) to identify brain regions which are involved in the regulation of male sexual and 
agonistic behavior and 2) identify neuromodulators regulating male sexual and agonistic 
behavior. We found a partially overlapping activation pattern in the subpallial and 
hypothalamic regions following male sexual and agonistic interactions and three 
categories of nuclei have been separated to associate with sexual and agonistic behavior. 
Category 1: nuclei associated with sexual behavior only (BSTM2) 
The ventromedial nucleus of the medial portion of bed nucleus of the stria 
terminalis (BSTM2) was specifically activated by male courtship behavior. In this 
nucleus, activation of aromatase and arginine vasotocin (AVT) neurons may largely 
contribute to the regulatory effects. First of all, abundant aromatase and AVT neurons are 
present in this structure (see chapters 4, 5, 6) shown by both immunocytochemistry and 
real-time PCR. Second, co-expression of Fos in aromatase and AVT neurons was 
significantly increased (see chapter 4, table 1 and 2). Last, the activation of aromatase 
and AVT neurons positively correlated with courtship displays, e.g. waltzing (see chapter 
4, Fig 5).  
By comparison between sexually active and inactive chicken line, the differential 
expression of AVPR1A gene in the BSTM was shown to associate with differences in 
sexuality. Males, which are social and active in sexual interactions, had higher expression 
of AVPR1A in the BSTM1 and BSTM2 (a tendency). The lower expression of AVPR1A 
in the BSTM could be one of the possible causes for low sexuality in male broilers.  
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Category 2: nuclei associated with both behavior (POM, SL) 
The complex structure of medial preoptic area (POM) is likely to participate in 
both male copulation and agonistic behavior. There are two possible mechanisms for the 
same nucleus involved in two different behaviors. First, neurons in the POM respond 
differently to another male or female. Colocalization of Fos and aromatase was increased 
by male-female interactions and the aromatase release was increased in male-male 
interactions (see chapter 4, table 1). Second, based upon the different distributional 
patterns of aromatase neurons (see chapter 4, Fig 4; chapter 6, Fig 3), AVT innervations 
(see chapter 4, Fig 4; chapter 6, Fig 7), CRH and CRHR1 gene expression pattern 
(Chapter 6, Fig 8 and 9), the POM can be subdivided into different subdivisions (rostral, 
caudo-lateral and caudo-medial) and each subdivision is involved in different behavior. 
The rostral POM (rPOM) is associated with male courtship and caudo-lateral POM 
(clPOM) is critical for male copulation. In this sexual subdivision (rPOM, clPOM), the 
higher expressions of aromatase encoding gene (P450) and estrogen receptor (ESR2) in 
social line (Line A) indicated their regulation in sociosexuality. In the clPOM, sexually 
dimorphic AVT-ir innervation was found (see chapter 5, Fig 4) and increased gene 
expression of AVPR1A was showed in social line (Line A). Together, it provides a 
pathway for AVT to regulate male sexual behavior. The caudo-medial POM (clPOM) is 
likely involved in stress responses. It is interesting to observe an interaction effect of line 
X social stimulation on the expression of CRHR1 in the cmPOM. The CRHR1 mediates 
an inhibitory effect on glutamatergic transmission (Liu et al., 2004;Gallagher et al., 
2008). Therefore the higher expression of CRHR1 in the social Line A may increase 
inhibition on glutamatergic transmission and hereby aggression. 
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The lateral septum (SL) is the major projection region for AVT/AVP neurons in 
the BSTM (De Vries and Panzica, 2006). With broader behavioral studies, the SL has 
been thought to be involved in social recognition (Ferguson et al., 2002;Winslow and 
Insel, 2004;Bielsky et al., 2005) and intermale aggression (Beiderbeck et al., 
2007;Veenema et al., 2010). A tendency to have higher expression of AVPR1A in the SL1 
is found in socially active males more than asocial counterparts. It resembles the critical 
finding in voles (Insel et al., 1994;Young et al., 1997;Bester-Meredith et al., 1999). In 
voles, central administration of AVP elicits very different behavioral responses. It 
increased auto-grooming in the less social voles but increased inter-male aggression in 
social voles (Young et al., 1997). It seems that the behavioral function of AVT/AVP 
depends on the availability of the receptor, particularly AVPR1A. Only high expression 
of AVPR1A allows AVT/AVP to regulate aggression. The variation in availability of 
AVPR1A explains why different conclusions have been made about the effect AVT on 
male aggression and sexual behavior in different experiments. 
Category 3: nuclei associated with agonistic behavior, including PVN, NCPa 
The paraventricular nucleus (PVN) and bed nucleus of the pallial commissure 
(NCPa) were found to be largely involved in possible frustration in encounters with a hen 
taxidermy model and stress response in male-male encounters. The NCPa was added to 
this category because (1) it has very abundant CRH expression (see chapter 6, Fig 8) and 
(2) it is highly activated during the stress response (see chapter 3, Fig 10). The proximate 
area surrounding and encroaching upon the NCPa is also the major brain region having 
gonadotropin releasing hormone-I (GnRH-I) neurons. It is very possible that the NCPa is 
a brain region regulating a balance between reproduction and aggression/stress in birds. 
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Based upon male sexual behavior studies, the neural network provided by 
Newman (1999) can be divided into some functional subgroups (Adkins-Regan, 2005). 
The extended amygdala may serve for general arousal and determines the occurrence of 
the behavior, while the anterior hypothalamus-preoptic area (AH-POA) functions for the 
execution of the behavior (Adkins-Regan, 2005). Therefore four possible reasons may 
contribute to the abnormal male-toward-female aggression: the improper arousal status in 
the extended amygdala; the missignals in the POA to execute the mating or aggression; 
misrecognition in the SL between sexual partner or rivals; and the imbalance in stress-
associated behavior. The differential expressions of the estrogen, AVT and CRH systems 
present in the network are likely to modulate the afferent and efferent signals inside the 
network and therefore the activational pattern of social brains (Fig 1). 
 
Fig 1 Schemic diagram showing the possible neural pathway for social behavior in 
chickens (left panel) and the differential expressions of genes in the sexual behavior-
associated nuclei which contributes to the high sociosexuality (right panel). 
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In conclusion, the present study systemically investigated male sexual and 
agonistic behaviors and successfully identified nuclei associated with male sexual 
behavior and agonistic behavior in bird. Differential expression of AVPR1A in the brain 
associated with male sociality suggests it could be one of candidates for genetic selection 
for high sexuality. Chickens can serve as a good model for studies of avian social 
behavior because of well-defined behavior characteristics and a great variety of genetic 
lines. 
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